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ABSTRACT 


The purification and preliminary chemical and physical character- 
Pacion of the i -pitus*ol-he coli'and PSA“pilus of ree aerugi- 
nosa K was investigated. 

The efficiency of several purification techniques for F pili was 
studied. Methods involving a precipitation step led to F pilus pre- 
parations that were contaminated with protein and carbohydrate materi- 
al. Moreover, precipitated F pili were found to be extremely insolu- 
ble at neutral pH and in standard buffers. Two phase polymer systems 
were found to be efficient for concentrating F pili from dilute solu- 
tions. However, these preparations were also contaminated with cellu- 
jarrdaepris, ~F pila could be purizied from cells grown on’ a Liquid or 
solid medium with equal success. Based on a suggestion by Brinton, 
it was found that F pili could be dissociated from cells and cellular 
debris in solutions containing 30% sucrose. After removal of the cells 
by centrifugation and the sucrose by dialysis, F pili were subjected 
to final purification steps involving differential and isopycnic cen- 
trifugation. Approximately 1 - 2 mg of F pili/100 g (wet weight) of 
cells was obtained using this procedure. 

FP ptidietypicalty banded in CsCl “atea density orl: 26 Alot but 
strains carrying the F lac plasmid, UBFLO, produced F pili having a 
Ducvyane Censi ey in GeGr Or 1.30 ene The F-type R pili produced by 
cells containing R100-1, R1-19 and R538-1 plasmids were found to have 
a buoyant density in CsCl of 1.31 ene The isoelectric points of F 
pili from strains carrying two different F plasmids were determined to 


be pH 3.9 and 4.0. The molecular weight of F pilin is 11,900 as 
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determined by SDS gel electrophoresis. 1 - 2 molecules of D-glucose/ 
F pilin monomer were detected by paper chromatography of hydrolyzed 
samples of F pili. F pili were labelled with radioactive Mee sodium 
phosphate and je een ion tact The he was found to be covalently at- 
tached to the F pilin molecule in a ratio of 2 - 2.5 phosphate groups/ 
F pilin molecule as judged by SDS polyacrylamide gel electrophoresis. 

Pseudomonas aeruginosa strain K (PAK) bears polar PSA pili that 
promote infection by at least six bacteriophages. Moreover, a mutant 
of strain K (PAK/2PfS) is many times more piliated than the wild-type 
strain and facilitates the preparation of large amounts of pure pili 
for biochemical studies. 

An investigation into the structural relatedness of PAK and PAK/- 
2P£S pili and their chemical composition was carried out. A purifica- 
tion procedure is described for PAK and PAK/2Pf£S pili that yields about 
8 mg of pure pili/100 g (wet weight) of PAK/2PfS cells and one-tenth 
of this amount for PAK cells. PAK and PAK/2PfS pili were found to be 
free from phosphate, carbohydrate and lipid and to contain a single 
polypeptide subunit of 17,800 daltons. Isopycnic centrifugation stud- 
ies revealed that PAK and PAK/2PfS pili have the same buoyant density 
in-sucrose (1.221) and CsCl (1.295). Both types of pili band at pH 
3.9 during isoelectric focusing. Amino acid analysis showed that both 
PAK and PAK/2Pf£S pili have the same amino acid composition, and 
microimmunodiffusion studies revealed that the two types of pili are 
immunologically indistinguishable. It was concluded that PAK and 
PAK/2Pf£S pili are identical and that the mutation responsible for pro- 


ducing the multipiliated state in PAK/2Pf£S is probably located outside 


the structural gene for PAK pili. 


ve anaes: Va ee ba WA: 


ad ethers. ee binge as - Besar: wana 


pe - prey i eta ys Pou 


in: chara wee. 44, to! id aut 4 i < q 0 OE PORE [set 
SGLA w PAA ANT # ; ial node wie SiGe whi 66220 cs 
dhepsniqne ~— Ley atv tel vig aye ” shania kK: 4/ Son 
fud> (bie, oe eae aves: CUR) 24 neeese aby tert oh ie 
xem goun wren ey 1O9V-NGE TARA KG sary eh vit wolasit 
et poeta tw “— ee EL angte agri qe is bauetoney st! 
ris rig iy 19), 27 elo ne! uy ated wie ike : 
Re Pa 
ra 
a1 T 41g lie Vay Cosette t tay jlaartne rie leis) oat eet aque | 
‘a ; 
aut? ry 7 3% nis} (eocpeets | Lowel 9 ake ae aa ’ 
Side, eis esi Mm . Wht Bot ae eens sean fan seelaeng 
RLS hve - i et ee | a ‘a ” 298) a qe Paper 
ee nia, (Lig SO53 RNY Go DA OL ler BAS IG jaro alts 
Auknse -b ihe aoe *) 8 Dict! 2 ax: ywiktingioduse nIeseanads ml? 
kode ate Ta Par 2 Ave w eae ips i ae vo \ghewd.s ot 


sta =Bue2 


Pe 2h perc Mae th. mays A 


sO 


Dia: sea Pera Abe bites i We aA? sel lide ee | nae 


TERA IC, bo 29GYD CV Sia dt fea jim 4e%o' +o 4iF0 elapse 


vt 
=H 43° widen pte Pillar 
a 

Ante tm (Sop inlet 4 


oe 
‘7 


per ye 


AAR Sak: woul hit, Ot FAT Ae TA Sats motaoves 
3a28 


art? Lider, Gi pel ee 57 bp 


lem 1% dane Aebularas ares! 


ahaa | pitrest iba A 


ivolonnd ante! bphaqai: nl 7 


CEs 


} 


oiled 


e) 


a) ane sided {) rears, 
sapsioalintl: ean bi 


we oe a 


>> prey Tangy ratings vitessgetne 
Gan tel? bee londandbs dan iid , 
Tee 2 ord 4 weeeartastiing 
“the ail ba — 


" 
ae w 
fined Wide 


(ex 


» 
7 


ns - 


ae 


The sequence of the first twenty-two amino acids at the amino ter- 
minus was identified using automated sequencing techniques. The first 
amino acid at the amino terminal was the unusual amino acid N-methyl- 
phenylalanine which was identified using gas liquid chromatography, 
mass spectroscopy and proton magnetic resonance spectroscopy. PAK pi- 
li, when treated with carboxypeptidase A, released two amino acids, 
serine and lysine, from the C-terminus. The conditions for cleavage 
of pilin with cyanogen bromide were determined and the resultant pep- 
tides were separated into three size classes by gel filtration. Pre- 
liminary amino acid analysis of these fractions indicated a large frag- 
ment of molecular weight 12,000 and smaller fragments of molecular 


weights 4000 and 1900. 
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CHAPTER I 


INTRODUCTION 


Two types of cellular appendages have been found universally on 
strains of bacteria: flagella and pili. While the morphology and func- 
tion of flagella, an organelle of cellular motility, is constant through- 
out the microbial world (Iino, 1969), the structure and function of pi- 
li have been found to vary considerably. Pili can be grossly divided 
into two categories: somatic pili (Swaney et al., 1977) which are cod- 
ed for by the bacterial chromosome (Brinton, 1965) and conjugative or 
donor pili (Novick et al., 1976) which are coded by extrachromosomal 
elements termed plasmids. 

The first plasmid shown to be responsible for the synthesis of pili 
was the F plasmid (Brinton, Gemski and Carnahan, 1964). The F plasmid 
had previously been shown to be responsible for bacterial conjugation 
(Lederberg and Tatum, 1946) where ps or Hfr strains. of, Ew. coli. i.e. 
strains with the F plasmid either separate from or integrated into the 
bacterial chromosome respectively, could transfer genetic material into 
F strains after establishing cell-to-cell contact (Tatum and Lederberg, 
472s Davic wl 950: Hayes, 1952a,b,.1953;, Lederberg.ect.alu, LO5Z; 
Cavalli-Sforza and Lederberg, 1953; Lederberg, 1955, 1956, 1957; Ander- 
son, 1958). Similarly bacterial conjugation was shown to be the mechan- 
ism in drug resistance transfer in pathogenic bacteria (Mitsuhashi et 
Blo) ee) ibal 04, the presence,of  F pili on the surface of cells 
carrying the F plasmid was demonstrated to be the attachment site for 
a number of donor-specific bacteriophages (Crawford and Gesteland, 


1964; Brinton et al., 1964; Brinton, 1965; Valentine and Strand, 1965; 
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Caro and Schnds, 1966). Other transmissible plasmids such as the drug 
resistance transfer (R) plasmids were also found to determine the syn- 
thesis of pili (Watanabe ena, 2964S Datta Stealers, 19065" Lawin, eh 66): 
Brinton (1965), and Ou and Anderson (1970) visualized mating ny a of 
bacteria under a microscope and noted that the cells stayed a fixed dis- 
tance apart due to the presence of a "bridge" between the cells which 
they suggested was the F pilus. This requirement for pili during bac- 
terial conjugation was confirmed by Brinton (1965), Novotny etal, 

vip 76),) Curtiss’ et al. (1969))) and? Stallions’ and’ Curtiss (1972). 

Since that time many transmissible plasmids other than F and R plas- 
mids have been found to code for pili. All plasmids have been classi- 
fied into incompatibility (Inc) groups (Novick et al., 1976) on the bas- 
is of two plasmids' inability to coexist in the same cell. 

Each "Inc" group has a "type'' plasmid to which other plasmids are 
tested for incompatibility. Many of the "Inc" groups described so far 
code for pili which are morphologically and serologically unique to 
that "Inc'' group and which are sensitive to different pilus-dependent 
phages. 

Clearly, the role of pili in bacterial conjugation and donor-speci- 
fic phage infection would be elucidated if more were known about the 
chemical and physical properties of conjugative pili. However, progress 
in this direction has been hampered by the small amounts of F pili found 
in FO bacterial cultures; the F plasmid being the best characterized of 
the plasmids identified to date. Recently Bradley (1977) has found a 
number of strains of Pseudomonas which produce enough pili to make a 
thorough chemical characterization including sequencing of the pilus 


subunit, pilin, possible. These pili have not been demonstrated 
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unequivocally to be determined by a plasmid nor have they been shown to 
be involved in bacterial conjugation but they are involved in pilus-—de- 
pendent bacteriophage infection, and thus seem to have more in common 
with conjugative pili than type 1 (somatic) pili. 

The following is a brief survey of recent reports on studies car- 


reed outons pilis 


Ase STHESE .PiLUsS 

F-type pili are coded for by three principle types of plasmid: the 
F plasmid itself, many R plasmids (drug resistance transfer plasmids) 
and Col plasmids which produce the anti-bacterial agents called colicins 
and other related bacteriocins (Meynell and Lawn, 1967a, b; Hedges and 
Dattasw 97 1s 190722" Dennison, 1972: Hedges) 1972). 

The F pilus is a fairly flexible filament of diameter 8.5 - 9.5 nm 
and 1 - 2 microns long (Brinton, 1965, 1971; Lawn, 1966). Negatively 
Stained pili show an apparent axial hole of 2.5 nm diameter indicating 
that F pili may be tubular in structure. However Brinton (1971) and 


Tomoeda et al. (1975) have suggested that the F pilus is composed of 


two parallel protein filaments on the basis of studies on the control- 
led disintegration of pili. 

The F pilus is composed of a single subunit, pilin, of molecular 
weight 11,400. to 12,500 (Brinton, 1971; Beard and Connally, 1975; Mink- 
Tevnetesle3n19765.Dateretial.5~1978).which) is highly hydrophobic in 
character and lacks the amino acids histidine, arginine, proline and 
cysteine (Brinton, 1971; Date et al., 1978). The F pilus is thought to 
be a phosphoglycoprotein containing one molecule of D-glucose and two 


molecules of phosphate per subunit (Brinton, 1971). Beard and Connally 
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(1975) report an additional molecule of glucosamine and galactose in F- 
type R pilin, and Brinton (personal communication) has reported an ex- 
tra phosphate group in a mutant of F pili. 

The isoelectric point for F pili has been reported as pH 3.8 (Val- 
entineretal 2.9 1969)5a pH, 4.15 (Brinton, 1971), pH 3.5 (Beard eta, 
1972b), pH 3.6 (Date et al., 1978) depending on the type of pilus being 
studied. The buoyant density for F pili in CsCl has been determined to 
be 1.257 or 1.296 or a combination of both depending on the plasmid and 
the: bacterial host (Brinton, 1971; Beard etoal.i;9/L97 Z2aaiBeard ,|-et tedeby 
Tomoeda et al., 1975). Beard reported a buoyant density of 1.31 for 
F-type R pili and an intermediate density of 1.30 for pili produced by 
a strain carrying both an F and F-type R plasmid (Beard et al., 1972a). 

While F plasmids confer a higher sensitivity to chemical agents up- 
on their host cells (Tomoeda et al., 1975; Goldschmidt and Wyss, 1967; 
Dowman' and Meynell, 1970; Tyobe et al., 1971), the F pilus dtself is 
remarkably resistant to chemical attack. F pili can be digested by 
trypsin and chymotrypsin (Brinton, 1971) and are dissociated completely 
in LZ SDSwor: S0imM: Sarkosyl? and partially. im acid; pHi t.0),0or heat at 
70°. They show little loss of phage-attachment capability or general 
structure in reagents such as Brij 58, 8 M urea, 7 M guanidine-HCl or 
alkali, pH 13 (Date et al., 1978). They are sensitive to organic sol- 
vents such as chloroform, carbon tetrachloride or benzene which cause 
them to dissociate (Brinton and Beer, 1967). This probably reflects 


the hydrophobic nature of the F pilin molecule. 


B. THE GENETICS OF THE F TRANSFER SYSTEM 


Four genetically unrelated transfer systems have been identified to 
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Oates! Le ON fand-Ps These systems control the expression of genes 
coding for pilus synthesis, incompatibility and surface exclusion (the 
inability of two cells carrying related plasmids to form a mating pair) 
(Willetts, 1975; Olsen etval,, 1974). Only the Ff transfer system has 
been studied extensively. 

Plasmids in the F transfer system express fertility (now termed 
transfer) inhibition, Fine (Willetts, 1972; Novick Stal Cay lo1 6) sits 
involves the ability of any plasmid to repress the expression of the F 
transfer operon, resulting in a decreased ability of cells to transfer 
these plasmids or be infected by the F-specific bacteriophages. 

A genetic analysis of the F transfer system was reported by Willetts 
and coworkers (Achtman etral., 1972, 1972s Willettseand Achtman, 19/72) - 
Simultaneously Ohtsubo et al. (1970) and Miki et al. (1969, 1970) obtained 
essentially similar results using different techniques. Using complementation 
analysis of transfer deficient (trae) Flac mutants, thirteen transfer 
genes were identified and subsequently mapped using deletion mutant 
techniques (Willetts, 1972; Ippen-Ihler et al., 1972). The genetic map 
of the F plasmid is given in Figure 1 (Willetts, 1975; Achtman et al., 
TOU 7) 

Briefly, twelve of the tra genes are in the transfer operon and are 
under the control of the traJ gene product. Trad, traL, trak, trak, 
traB, traC, traF, traH and part of traG are required for pilus forma- 
tion, with the traA gene coding for the pilus subunit, pilin (Minkley 
et al., 1976). TraS and traT mutants are transfer-proficient and pro- 
duce F pili but lack the property of surface exclusion (Willetts and 
Maule, 1974, 1977). Recently a protein of molecular weight 25,000 dal- 
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tons has been found in the outer membrane of F cells (Minkley and Ippen- 
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PIGURE 1. The map of the F factor. 


The transfer operon (A to I) is indicated by the heavy line drawn 
clockwise outside the circular map which is not drawn to scale. The 
cistrons in parentheses have not been as precisely mapped as the other 
‘tra castrons. ori refers to the site of origin of transfer while 
inc refers to the “incompatibility locus. ES1, i182 440bS3. ands yo. are 
insertion sequences. This figure is based on the maps presented by 


Achtman et al. (1977) and Willetts C1975). 
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thier, 197/; Achtman et al., 1977). This protein, encoded by the tear 
gene, interferes with mating pair formation. TraS functions indepen- 
dently and reduces DNA transfer (Achtman etrale,) Loh 

TraD and tral are thought to be concerned with DNA metabolism dur- 
ing transfer and the tral gene is thought to code for a specific endo- 
nuclease which initiates DNA transfer (Willetts, 1972, 1975). TraJ is 
a positive control gene whose product is required for the expression of 
the transfer operon, traA to traI (Achtman, Willetts and Clark, 1971; 
Willetts and Achtman, 1972; Finnegan and Willetts, 1973). 

Transfer inhibition is due to two structural genes, finO and petal 2 
(the finOP system) which control the expression of the traJ gene prod- 
uct and which map closely to the traJ locus (Achtman, Willetts and 
CYark, 1972; Finnegan and Willetts, 1971; Grindley et al., 1973; Wil- 
letts and Dempsey, 1976). The F plasmid is a naturally occurring find). 
mutant which does not exhibit transfer inhibition (Finnegan and Willetts, 
1971, 1972; Watanabe and Fukasawa, 1962). Inhibition can be restored 
ea fin’ plasmid coexists with the F plasmid in the same cell. While 
most F-type plasmids are finOP systems, other systems inhibiting trans- 
fer of F-type plasmids but carried by non F-type plasmids popeeneen 
identified and partially characterized (Grindley and Anderson, 1971; 
Meynell, 1973; Willetts and Paranchych, 1974; Gasson and Willetts, 1975, 
1977)* 

Most bacterial cultures carrying F-type plasmids are capable of on- 
ly a very low level of transfer and pilus production because of trans- 
fer inhibition (Datta et al., 1966; Egawa and Hirota, 1962; Meynell, 
Meynell and Datta, 1968; Watanabe, 1963; Willetts, 1970). When a plas- 
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mid-free cell receives a finOP plasmid, transfer inhibition is 
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temporarily relieved, giving the phenomenon of HFT (high frequency of 
transfer) cultures (Watanabe, 1963). This is probably due to transient 
synthesis of the traJ product before transfer inhibition by the finoP 
system is established (Willetts, 1974). This phenomenon ee the "in- 
fectious spread" of a plasmid throughout the cell population while 
transfer inhibition eliminates wasteful synthesis of tra proteins, and 
attack by F-specific bacteriophages (Willetts, 1975). 

Small differences in various types of F pili made by different F- 
type plasmids are reflected in their morphological (Lawn, 1966), sero- 
logical (Lawn and Meynell, 19790) and F-specific phage adsorbing proper- 
ties (Dennison and Hedges, 1972; Nishimura et al., 1967). These differ- 
ences are due to variations in the pilin gene, traA (Alfaro and Willetts, 
Meio= WiLletts, 0971). as are variations /1In.iphysical, (Beard et al?, 
1972) and chemical (Beard and Connally, 1975) properties. TraA point 
mutants are capable of transfer but show reduced levels of phage adsorp- 
E1on and plating efficiency (Paranchych, 19/75; Willetts, 1975) “and thus 


mimic the naturally occurring F pili variants. 


C. THE F PILUS AND CONJUGATION 

The first step in conjugation is the formation of a mating pair by 
the interaction between the tip of the F pilus and a receptor site on 
the surface of the cell (Reiner, 1974; Skurray et al., 1974). Surface 
exclusion is thought to prevent mating pair formation by inactivating 
the receptor site for the tip of the donor pilus (Willetts and Maule, 
1974; Achtman et al., 1977). Pre-treatment with pilus tip-specific 
agents such as filamentous DNA phages (Ippen and Valentine, 1967; Nov- 
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conjugation. Using a mechanism not clearly understood, a signal is 
transmitted along the F pilus to trigger the synthesis or activation in 
the donor cell of the enzyme(s) required for DNA metabolism during 
transfer. The DNA is nicked at a specific site (see above) and a speci- 
fic strand of DNA (Vapnek and Rupp, 1970) is transferred, 5'-terminal 
first, into the recipient cell (Ohki and Tomizawa, 1968). The F plas- 
mid, when integrated into the host chromosome (HFr strains), causes the 
transfer of all or part of the chromosome as well. Transfer is accom- 
panied by replication and circularization of this strand in the recipi- 
ent cell as well as of the remaining strand in the donor cell (Vapnek 
et al., 1971; Vapnek and Rupp, 1970). Whether the DNA strand proceeds 
via the F pilus into the recipient cell or whether the F pilus merely 
draws the cells together to form a classical conjugation bridge is un- 
der much dispute (Brinton, 1971; Paranchych, 1975; Tomoeda et al., 


OTS) 


D. F-SPECIFIC PHAGE INFECTION 

In addition to their role in bacterial conjugation, F pili also 
function as receptors for F-specific phages. Two types of F-specific 
bacteriophages have been identified: the spherical RNA phages which 
attach to the sides of the pilus (Crawford and Gesteland, 1964; Brinton 
et al., 1964), and the filamentous DNA phages which attach to the tip 
of the pilus (Caro and Schnis, 1966). 

The phages which attach to the sides of F pili are simply construct- 
ed icosahedral virions, approximately 26 nm in diameter, containing a 
single-stranded RNA molecule surrounded by 180 identical coat proteins 


(Vasquez et al., 1966). A single attachment (A) protein is exposed on 
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the surface of the virion (Curtiss and Krueger, 1974) andis noncovalent- 
ly attached to the phage RNA (Krahn et “alia lo72) © prdbablaat tiers — 
terminal end (Wong and Paranchych, 1976b). Typical RNA phages include 
Baap 1S DMA? ORO anaos, 

The early stages of the RNA phage infectious process involve the 
attachment of the phage particle via the A-protein to the side of an F 
pilus followed by a pilus-mediated cleavage of the A-protein into two 
peptides, ejection of the A-protein- RNA complex from the virion, and 
transfer of this complex to the surface of the cell where it penetrates 
into thetcell anterior +(Paranchych, 1975). 

The attachment of the phage to the F pilus is the function of the 
A-protein (Argetsinger and Gussin, 1966; Steitz, 1968b). This attach- 
ment step can occur with cell-associated or cell-free pili (Crawford 
and Gestelland; 1964; Brinton et ‘al’),. 1964; Wendt ‘et alw, 1966), ts re- 
versible (Paranchych et al., 1970), diffusion-limited with no energy of 
activation (Knolle, 1967a) and requires an ionic strength of 0.1 or 
more (Danziger and Paranchych, 1970a). 

When the A-protein- RNA complex is ejected from the virion, the 
empty phage capsid is released from the F pilus (Paranchych, 1966; Sil- 
verman and Valentine, 1969). It has been suggested that the F-pilus 
triggers the ejection step by catalyzing the cleavage of the A-protein 
into two peptides (Krahn et al., 1972). This step is energy-requiring 
(Knolle, 1967b) and therefore occurs only with cell-associated pili. 
While a large number of RNA phages can attach to a bacterium's F pili, 
a relatively small number penetrate the cell (Paranchych, 1975). This 


may be due to a steric inhibition of pilus retraction by large numbers 


of phage particles adsorbed to the pilus surface. 
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The filamentous DNA phages, such as fl and M13, attach to the tip 
of the F pilus. These bacteriophages consist of a circular, single- 
stranded DNA molecule packed into a viral capsid 5.5 nm in diameter 
with a modal length of 9.7 - 0.9 uw (Marvin and Hohn, 1969) ane contain 
an attachment protein at one end (Marvin, 1966). 

The early stages of DNA phage infection closely follow that for RNA 
phages but a few differences have been noted. The attachment process 
is irreversible (Tzagoloff and Pratt, 1964) and the entire virion is 
thought to penetrate the cell surface resulting in the absence of a 
DNase-sensitive step (Tzagoloff and Pratt, 1964; Trenkner ee alse Gr s 


Smilowitz, 1974). 


E. POSSIBLE MECHANISMS FOR PILUS-MEDIATED TRANSFER OF NUCLEATES 

The mechanism by which the F pilus mediates the transfer of plasmid 
DNA during conjugation or carries viral RNA or DNA to the cell surface 
is as yet unclear. Two principal models exist: one based on the F pi- 
lus remaining extended from the cell surface and actually transporting 
the nucleic acid itself, and one in which the F pilus is not involved 
in nucleic acid transport directly but retracts, bringing the recipient 
cell or phage particle into close contact with the donor cell. 

The first model has been proposed by Brinton (1965, 1971) and con- 
sists of two variations. The first variation envisions the F pilus to 
be a hollow tube of 25 nm inner diameter through which the nucleic acid 
passes. This model has been largely discredited because no DNA-F 
pilus complex has ever been detected (Tomoeda et al., 1975). Moreover, 
since phage RNA retains at least 50% of its secondary structure during 


its penetration into the cell (Wong and Paranchych, 1976a), it has been 
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concluded that the RNA must remain on the exterior surface of the pilus. 
The other variation (Brinton, 1971) states that the F pilus is composed 
of a pair of filaments which transfer the plasmid DNA or phage parti- 
cle by conduction (transfer occurs in the groove between the Fiat eae nd 
by conveyor belt (the two filaments move with respect to each other, in 
conveyor belt fashion) or by a carrier mechanism (the pilus is assem- 
bled in the donor cell membrane and depolymerized in the recipient cell 
membrane). The best evidence for these models is the visualization in 
the light microscope of mating pairs of E. coli staying a fixed dis- 
tance apart, presumably connected by an F pilus (Brinton, 1965; Ou and 
Anderson, 1970). 

Pilus retraction was first proposed by Marvin and Hohn (1969). 
Jacobsen (1972) and Bradley (1972b,c,d, 1973a,b, 1974b) have shown that 
average pilus length decreases with time after infection of E. coli or 
P, aeruginosa cells with pilus-dependent bacteriophages and that the 
phage capsids accumulate at the cell surface. 

Novotny et al. (1972) reported that F pili rapidly disappear from 
the cell surface when cyanide is added to bacterial cultures. Similar- 
ly, O'Callaghan et al. (1973c) found that F pili disappeared from sur- 
faces of glycerol-grown cultures when treated with arsenate and Novotny 
and Lavin (1971) noted F pili disappearance when the temperature of a 
bacterial culture was suddenly dropped to 20°. Novotny and Fives- 
Taylor (1974) and Bradley (1972c,d) found that pilus retraction was 
prevented by treatment with pilus-antiserum or RNA phages as seen by 
the cell's inability to undergo filamentous DNA phage infection or con- 
jugation. Multi-piliated strains of E. coli (Moore and Paranchych, un- 


published results) and P. aeruginosa (Bradley, 1972c, 1974) are 
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resistant to pilus-dependent phages and do not lose their pili at low 
temperatures indicating a loss of ability to retract their pili. 

It seems feasible that the above observations indicate an equili- 
brium exists between pilus formation and outgrowth and pilus een rion 
(Bradley, 1972b; O'Callaghan et al., 1973b) and that this equilibrium 
is disturbed in favor of pilus retraction by various poisons, by tem- 
perature shifts and by the attachment of pilus-specific objects (anti- 
serum, phage, recipient cells). This equilibrium may be shifted toward 
enhanced pilus outgrowth by treatments such as the incorporation of 5- 
bromouracil into DNA using an F transfer system (Fives-Taylor and Novot- 
ny, 1°74) or by the addition of I-type pilus antiserum to cells carry- 
ing an I-type R plasmid (Lawn and Meynell, 1972). 

Studies on the reappearance of donor pili on cells depiliated by 
various techniques (Novotny et al., 1969a) indicate that a pool of pi- 
lin subunits exists in the cell membrane which is of a constant concen- 
tration of about twice the amount of mature, assembled, pilin molecules 
and can restore full piliation in 4 to 5 minutes (Novotny et al., 1972; 
Brinton, 1965, 1971). Beard and Connally (1974) have reported finding 
arpoo lax 10" molecules) of F-type pilin molecules in the outer mem- 
brane of E. coli cells carrying a derepressed F-like R factor. 

These results show that pilus outgrowth does not require de novo 
protein synthesis but requires energy (perhaps in a phosphorylation 
and/or glucosylation step) and is balanced by pilus retraction, the 
mechanism of which is unknown. The accumulation of free pili in the 
culture medium may not be as general a phenomenon as has previously 
been thought (Brinton, 1965, 1971; Novotny et al., 1969a). 


Whether the transfer of genetic material by F pili occurs by 
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conduction or retraction or a combination of both is still uncertain. 
The apparent simplicity of the F pilus structure suggests a single mechan- 
ism for the transfer of single-stranded nucleic acids either towards or 


away from the host cell (Paranchych, 1975). 


Poe tee LLUS PURLELGATION 

Three principal methods are generally used to estimate relative a- 
mounts of pili. The electron microscope is excellent for studying pi- 
lus morphology, determining size and number of pili per cell, and iden- 
tifying large contaminants such as flagella and type 1 pili. A second 
method is based on the assay of the amount of radioactive-labelled 
phage adsorbed to F pili. The filtration assay procedure (Danziger and 
Paranchych, 1970a), in which radioactive phage-pilus complexes are 
caught on membrane filters, measures both cell-associated and cell-free 
pili but is not quantitative since a certain fraction of these complex- 
es is washed through the filter (Brinton and Beer, 1967). A variation 
on this assay technique measures cell-associated pili by saturating a 
cell's pili with radioactive phage, centrifuging out the cells, and 
quantitating the amount of radioactive phage in the cell pellet (Paran- 
chych, 1975). A third method (Novotny and Lavin, 1971) gives an accur- 
ate estimation for the amount of F pili in a culture relative to a 
second, standard, culture. It depends on the ability of F-type pilus 
antiserum to bind specifically to the F pilus and interfere with DNA 
phage infection (Ishibashi, 1967; Lawn et al., 1967). Thus a standard 
curve relating plaque-forming units (PFU) to cell concentrations before 


and after the addition of the antiserum indicates the amount of cell- 


associated F pili in the culture. The work reported in this thesis 
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uses only the first two methods described above. 

Purification procedures reported for F pili are similar to those 
employed for the purification of various viruses. The removal of F pi- 
li from the cell surface has been accomplished by blending (peter 
1965; Valentine and Strand, 1965; Novotny ‘etvals,, U969a)> iomibytthe 
mone) gentle stirring of cells in 30% sucrose with a magnetic stirring 
bar (Brinton, 1971; Minkley et al., 1976). The presence of sucrose dis- 
solved the pili, and prevented non-specific binding of free pili to 
cells (Brinton, 1971). Brinton (1971) and Minkley et al. (1976) achiev- 
ed a yield of 5 mg of F pili from a slightly multi-piliated mutant Flac 
strain, from 24 litres of culture at 95% purity by processing the suc-— 
rose-dissolved pili solution in the following manner. The cells were 
removed by centrifugation and the supernatant was extensively dialyzed 
to remove sucrose. The removal of sucrose caused the pili to aggregate 
into large "crystals'' which could be easily centrifuged out of solution. 
The concentrated pili were banded in a CsCl buoyant density gradient as 
a final purification step. Minkley et al. (1976) reported that the pi- 
li of a less well-piliated mutant were more difficult to purify and re- 
quired solubilization of the pili in SDS followed by Biogel P150 column 
chromatography to achieve pure pilin. 

Recently Date et al. (1978) have purified F pili using Brinton's 
method but included a sucrose gradient sedimentation step in 0.1 M NaCl 
to separate F pili from contaminants of low density. They claimed that 
1.5 - 2.0 mg of pure F pili could be obtained from 67 g (wet weight) of 


cells. 


Beard et al. (1972) published a purification procedure for F-type 
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R pili which consisted of four stages: (1) blending the culture and re- 
moving the cells by centrifugation; (2) ultrafiltration to concentrate 
the pili; (3) CsCl density gradient centrifugation; (4) isoelectric 
focusing to separate the conjugative pili from type 1 pili. They claim- 
ed 95% purity and a yield of 3 - 6 mg of protein from 20 litres of cul- 
CUre, 

Other methods, which result in crude F pili preparations, include 
precipitation at the isoelectric point of F pili, (pH 4.0): by the addi- 
tion of HCl (Brinton, 1965; Brinton and Beer, 1967; Valentine et ial.g 
1969) and precipitation with polyethylene glycol and NaCl (Tomoeda et 
Plt, LOT 5S)" 

While the F plasmid and the F transfer system have yielded much in- 
formation on bacteriophage infectious processes and bacterial conjuga- 
tion, it may not prove to be the best system for studying the chemistry 
of pili since so little material is produced in cells carrying the 
F plasmid. Frost and Paranchych (1977) calculated the theoretical 
yield of F pilin from a culture, bearing one pilus per cell, to be 1 mg 
in 1000 litres. Since this was clearly impractical, attempts were made 


to find one or more multi-piliated bacterial strains. 


G. THE PSA PILI OF PSEUDOMONAS AERUGINOSA 

The most promising source of multipiliated bacteria appeared to be 
various strains of Pseudomonas aeruginosa carrying polar (PSA) pili 
(Bradley, 1966). 

PSA pili produced by various P. aeruginosa strains are of similar 
appearance, i.e., they are long, flexible filaments with no visible 


subunit structure, of dimensions 6 nm in diameter and a modal length of 
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2,500 nm (Bradley, 1972a; Weiss, 1971), but they are usually serologi- 
cally unrelated (Bradley and Pitt, 1975). The origin of these pili is 
unknown; attempts to correlate them with the presence of the FP2 

or FP39 sex factors of Pseudomonas aeruginosa (Inc P-8) have failed 
(Holloway, 1969). If they are coded for by a nonconjugative plasmid, 
it can not be mobilized by the P-1 type plasmid RP1 (Bradley and Pitt, 
R975) 

PSA pili are required in the infectious process of three different 
types of phages: (1) spherical RNA phages (Bradley, 1966; Feary etial:, 
1964); (2) filamentous DNA phages (Takeya and Amako, 1966); (3) spher- 
ical DNA phages with non-contractile tails (Bradley, 1973b; Bradley 
Bnd Pitt, L974). 

The RNA phage, PP/7 (Bradley, 1966; Weppelman and Brinton, 1971), is 
similar to the F-specific RNA phages of E. coli. PP/7 is specific for 
Pseudomonas aeruginosa strain PAO]. It attaches to the pilus irreversi- 
bly at pH 8.4 at a ratio of 1 phage/pilus but the attachment is less 
specific at lower pH's (Bradley, 1976). No RNA phage has been found 
for strain K (Bradley, 1974b). PP7 cannot saturate the PSA pilus with 
many closely-aligned phage particles as is the case with the F-specific 
RNA phages. 

The filamentous DNA phage, Pf, which resembles the F-specific DNA 
phages, attaches to the tip of PSA pili of strain K (Bradley, 1973a). 
The DNA phages with spherical heads and non-contractile tails of vary- 
ing lengths (Bradley, 1973b; Bradley and Pitt, 1974) have no counter- 
Partin Strains off ff) coli carrying F-type plasmids. They attach to 
the sides of the PSA pilus by means of lateral tail fibers. 


Bradley (1972a,b,c,d; 1973a,b; 1974b) has shown that attachment of 
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these three classes of phage is followed by pilus retraction and the 
transport of the phage particle to the cell surface where ejection and 
penetration of the phage genome occurs. A phage receptor “site in’ the 
outer membrane for the tailed bacteriophages has been be eee by 
Bradley (1972c, 1974). 

An unexpected bonus from these experiments was the isolation of 
multi-piliated mutants of strains PAN1 and K, named PA068 and K/2PfS 
respectively (Bradley, 1972a,b; 1974), which were resistant to PSA pi- 
lus-dependent phage infection. These strains could attach phage parti- 
eles put, could not retract ‘their pili. K/2P£S was the more-piliated 
of the two mutants, producing 50 to 100 pili per pole. The wild-type 
strain, K, produced ten to twenty retractile pili per pole. Besides 
flagella, these strains produced no other potentially contaminating 


types or pili*suchtas type 1 pili. 


H. THE PILI OF OTHER. INCOMPATIBILITY GROUPS 
While pili are encoded by plasmids of at least six other incompa- 


tibility groups besides F, comparatively little is known about them at 


present, and in any event, they are not pertinent to the results discus- 


sed in this thesis. A brief description of their morphology and func- 
tion is given in Table l. 

The Inc I group comprising many I-type R and Col plasmids produces 
I pili which are morphologically and serologically distinct from F pili 
(Lawn and Meynell, 1970; Lawn et al., 1967) and adsorb the I-specific 
filamentous DNA phages, such as Ifl (Meynell and Lawn, 1968). No I- 
specific RNA phages have as yet been isolated. The I transfer system 


parallels the F transfer system with respect to transfer initiation 
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(Fenwick and Curtiss, 1973a,b), DNA strand specificity (Vapnek et al., 
1971) and DNA metabolism (Fenwick and Curtiss, 1973a,b). 

I-type plasmids exhibit the properties of surface exclusion (Fen- 
wick and Curtiss, 1973b) and transfer inhibition in a two-step control 
System analogous to the finOP system of F-type plasmids (Meynell eter 1. 
1968; Ohki and Ozeki, 1968; Ozeki, 1965). The F and I systems do not 
complement one another (Lawn et al., 1967; Romero and Meynell, 1969). 

The R plasmids found in Pseudomonas have been classified into incom- 
patibility groups P-1, P-2 etc. on the basis of their incompatibility 
with one another in Pseudomonas (Shahrabadi ft el eel Oo. 

Inc P-l group plasmids code for pili (Bradley, 1974b) and a surface ex- 
clusion system (Hedges and Jacob, 1974). They do not express fertility inhi- 
bition but can be inhibited by plasmids from other incompatibility groups 
G@lacoby., 1977). 

The group plasmids are sensitive to three types of pilus-depend- 
ent phage: the spherical RNA phage PRR1 (Olsen and Thomas , 1973); the 
filamentous DNA phage Pf3 (Stanisich , 1974); and the lipid-containing 
DNA phages such as PRD1, which attach to the pilus tip (Olsen et al., 
1974), and have a contractile tail which is not used in pilus attach- 
ment (Bradley, 1977a). 

P-1 pili are short and rigid and generally occur at the poles of 


the cell (Bradley, 1977a) and undergo retraction during P-1 - specific 


phage infection (Bradley, 1977a). No transfer inhibition system has 


been identified for P-1 plasmids (Chandler and Krishnapillai, 1974; 
Olsen et al., 1974; Olsen and Shipdew. 10/3) . 


Inc P-2 group plasmids, however, do have a transfer inhibition sys- 


tem which has made study of their short non-polar pili difficult (Shah- 


rabact et al., 1975). 
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Wipily (Bradley a975b; Bradley and ‘Cohen 1975) produced by 
thevine W group plasmids, ‘such as Sa, are ‘short, pointed, non-polar pi- 
1i with the unusual optimum growth temperature of 30° in stationary 
phase cultures. They have been implicated in conjugation of W plasmids 
(Bradley,and Cohen,1976)attach the lipid-containing DNA phages, such as 
PRD-1, to their tip and undergo retraction (Bradley,1977a). 

Inc N group plasmids, which have no transfer inhibition system but 
can inhibit co-existing P-1 plasmids (Chandler and Krishnapillai, 1974; 
Stanisisch, 1974), can in turn be inhibited by the Inc X plasmid 
R6K (Pinney and Smith, 1974). Inc N plasmids confer sensitivity to the 
DNA phage, IKe, (Khatoon et al., 1972) and lipid-containing phages such 
as PRD-1 (Bradley, 1977a), but no pili have yet been shown to be en- 
coded by these plasmids (Bradley, 1977a). Recently a somatic recep- 
tor site for PRD-1l phage has been characterized as a pool of proteins 
(molecular mass, 51,000 daltons) in the outer membrane of PRD-1 sen- 
sitive cells (Olsen et al., 1977). They postulated that this was a 
pool of pilin molecules analogous to the F-pilin molecules found in the 
outer membrane of E. coli by Beard and Connally (1975). 

Also, To et al. (1975) have reported a temperature sensitive pilus 
coded for by Inc T group plasmids but no detailed study has been pub- 
lished. 

The Inc X group of plasmids has been shown to specify two types of 
pili. The F plasmids R711b and R778b (Hedges, 1974; Bradley, 1977b) 
code for F-like pili which confer sensitivity to the F-specific fila- 
mentous DNA phages, i.e., fl, but not the F-specific RNA phages, and 
therefore resemble the pili produced by the Folac plasmid of Inc FV 


(Datta, 1975; Falkow and Baron, 1962). The plasmid R485 specifies very 
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thin pili with an obviously helical character as seen by electron mic- 
roscopy. No phage specific for R485 pili has yet been isolated (RBrad- 


Heys Loeb). 


ree Ty PEI PILT “OF ESCHERICHIA. COLL 
Ly pe eps liv arer tue, prototype of somatic: pil Paneer! cobik They 
were first characterized from strains of E. coli B but are also found 


One che-cells ofystrains of EL’ coli’ K1i2° either maintained in: laboratory. 


cultures or isolated from clinical sources. Type I pili have a diameter 


of about 7 nm and typical lengths of 0.5 to 2 microns. They are found 
in large numbers over the surface of the cell and are self-assembling 
helices of identical protein subunits (MW = 17,000) which do not con- 
tain phosphate or carbohydrate. They may be concentrated and purified 
by crystallization in the presence of magnesium ion. Type I pili are 
coded for by the bacterial chromosome and do not have a role in conju- 
gation nor have they been shown to be involved in pilus-dependent phage 
infection (Brinton, 1965). One of their functions is adhesion to mam- 
malian cells and to other surfaces where attachment is usually end-wise 
(Duguid et al., 1966). 

Recently they have been implicated in contributing to the virulence 
of enteropathogenic strains of E. coli which cause series disease in 
man and animals (Swaney et al., 1977). 

Some of the strains in this study produce type I pili which was one 


of the principal sorts of contamination in F pili preparations. 
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The present program was originally directed towards purification of 
F pili from a wide range of naturally-occurring or genetically-induced 
pilus mutants which produce F pili but are resistant to certain classes 
of F-specific bacteriophages. By comparing the chemical eomaeeT eter of 
these pili, it was hoped that insight into the number and kinds of re- 
active sites in the F-pilin molecule could be obtained. However, the 
amount of F pili produced by bacterial cultures carrying these plasmids 
was extremely low, making the prospect of being able to perform an ade- 
quate characterization of these proteins rather poor. For this reason, 
the wild-type and multi-piliated mutants of Pseudomonas aeruginosa K 
were used as a source of pure pili to acquaint ourselves with the prob- 
lems and techniques in the purification and chemical characterization 
of pili in general. This system was both promising and interesting, 
for not only were these pili involved in the infectious process of sev- 
eral bacteriophages, and capable of retraction, they were also present 
in large numbers on the cell. In addition, two strains, the wild-type, 
PAK, and the multi-piliated mutant, PAK/2Pf£S, were available. Thus, a 
comparison of the structural relatedness of PAK and PAK/2Pf£S pili would 
indicate whether or not the mutation responsible for the loss of pilus- 
retraction in PAK/2PfS was in any way reflected in their biochemical 


composition, and provide a basis of comparison of PAK and other types 


of pili. 
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CHAPTER IT 


MATERIALS AND METHODS 


A. MATERIALS 


1. Bacteria and bacteriophage 


(a) Bacteriophage 
The RNA phage, R17, isolated by Paranchych and Graham (1962), 


was used throughout these studies. 

(b) Bacteria 

The various strains of Escherichia coli and Pseudomonas aerugi- 
nosa used in the course of these studies are given in Table 2. 

Except where specified, WP156 was used for preparing R17 phage 
lysates. 

All strains were preserved for long periods of time by lyophil- 
izing a small portion of a culture grown in 5% glucose, 5% peptone, pH 
7.2 and sealing the tube while under vacuum. Bacterial strains were 
resuscitated by resuspending the lyophilized cells in 0.5 ml of broth 
and streaking these cells out on hard agar slants in 5.0 ml Universal 
bottles to maintain the strain for several months. The cultures grown 
on the slants at 37° were used to streak hard agar for routine use. 
Cell cultures were started by transferring a single colony on an agar 
plate to 10 ml of liquid medium which was grown at 37° with or without 
shaking overnight (16 h). 

2. Bacterial culture media 


(a) TMM medium (Tris (hydroxymethyl) amino methane maleic acid 


minimal salts medium) 


The basic TMM salts solution contained the following components: 
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iris, 0.00oMMy* maleic acid, 1.05 °M; 0.043: M*NaCl: 02027 M ROL? 020197 4 
N 


NH, CLs 1 mM Na, HPO) 5 1 mM NaH,,PO 


i" 
The above compounds were dissolved in distilled, deionized wat- 
er, the pH was adjusted to pH 7.3 and the solution was autoclaved at 
126° for 15 min under a steam pressure of 20 (hein. 
(b) CTMM (Complete TMM) 
Complete TMM (CTMM) medium was prepared by combining the fol- 


lowing sterile components listed in the following proportions: 


TMM 91 parts 
Eagles’ amino acid concen- 

trate eCl00 ux) w(Ditco yw typart 
50% (w/v) glucose iepagt 
0.25% (w/v) L-methionine liepart 
On eM MgCl. part 
0.020% d-biotin 5 parts 


Various TMM-based media included: 
(i) lac CTMM. This medium included 2 parts 25% (w/v) lactose in- 
stead of glucose. 
(ii) CTMM-aa. This medium contained the regular components of CTMM 
with the omission of the Eagles" amino acid concentrate. 
(iii) CTMM + casamino acids. Casamino acids (Nutritional Biochemicals 
Co., 0.05%) replaced the Eagles' amino acid mixture. 
(iv) Low phosphate CTMM. The concentration of Na HPO, in the TMM 
*Eagles' amino acid concentration 100 X (Difco) contained the fol- 
lowing (per ml): arginine, 1.7 mg; cystine,=1.2 mg; tyrosine, 1.8 mg; 
histidine, 0.8 mg; isoleucine, 2.6 ml; leucine, 2.6 mg; lysine, 2.6 mg; 
methionine 0.75 mg; phenylalanine, 1.7 mg; threonine, 2.4 mg; trypto- 


phan wO.40me. valine, 2.4 me; biotin, 0.1. me; folic-acid, 0.1) me; chol- 
ine chloride, 0.1 mg; nicotinamide, 1 mg; Ca pantothenate, 0.1 mg; pyr- 


idoxal hydrochloride, 0.1 mg; thiamine hydrochloride, 0.1 mg; riboflavin, 


0.01 mg; inositol, 0.18 mg; phenol red, 0.5 mg. 
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minimal salts solution was reduced to 0.1 mM. 


(c) Trypticase soy broth (TSB) 


TSB (Baltimore Biological Laboratories 
[BBL]) Mee geg hl 


NaCl S e/a 


Autoclaved solutions had a final pH of 7.2 - 7.3. 


(d) Top agar 
Trypticase soy broth 50 -e7 4 
Bacto-agar (Difco) i ia ae 


Sterile top agar was stored in 50 ml volumes at 4° until used. 
For plaque assays or viable cell counts, the agar was melted in a boil- 
ing water bath and dispensed into sterile culture tubes in 1.5 ml ali- 
quots maintained at a temperature of 50° in a water bath. 
(e) ye hardsagan. (TSB agar) 
Trypticase soy broth 30 g/1 
Bacto-agar T5eehn 
After dissolving, the solution was autoclaved and dispensed in- 
to petri dishes while warm. 
3. Buffers 
(a) Bacteria and phage diluent 
All dilutions of bacteria or phage were made with a sterile 
solution composed of: 
0.9% (w/v) NaCl 
5 mM MgCl, 
5 mg % bovine serum albumin (Sigma Chemical Co.) 
MgCl, was autoclaved separately and added to the sterile 0.9% 


NaCl. The albumin was supplied as a sterile solution and was used di- 


rectly. Diluent was dispensed in 10 ml volumes into sterile 20 mm 


dilution tubes and stored at 4°, These solutions were warmed to room 
temperature before use. 

(bh) aa Mia one 

Sterile 5 m™ MgCl, was added to the basic minimal salts solu- 
tion (TMM) which had previously been autoclaved. 

(c) Saline sodium citrate buffer (SSC) 

On Sp Me Nacl 3.7482 
O2015¢M_Na citrate bahlegs, 1 

The desired pH was obtained by the addition of concentrated 

NaOH. 
4. Chemicals, enzymes and reagents 

All reagents were prepared from analytical~grade chemicals in 
double-distilled water unless otherwise specified. Ultrapure sucrose 
and dieniochreitol were used as supplied by Schwarz/Mann. CsCl was ob- 
tained from Gallard-Schlesinger. Ampholytes were obtained from LKB 
Produktes, Bromma, Sweden. Sodium dodecyl sulfate (SDS), technical 
grade, was obtained from Matheson, Coleman and Bell. Sodium phosphate, 
both mono- and dibasic, was obtained from Mallinckrodt Chemical Works. 

Chemicals used for polyacrylamide gel electrophoresis were ob- 
tained from Eastman Organic Chemical Co. Acrylamide was recrystal- 
lized from acetone. Myoglobin, chymotrypsinogen and lysozyme were ob- 
tained from Schwarz/Mann. Carbonic anhydrase and DFP-treated carboxy- 
peptidase A were obtained from Worthington Biochemicals Corp. 


5. Radioactive materials 


Radioactive precursors for the preparation of labelled F pili 
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and R17 phage were obtained from the following sources: Pe P (as 


35 35 
H,” PO, or Ha cBO; 3 carrier free, in 0.02 M HCl); S (as Na, SO, 
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in water, 800 mCi/mmole) and “I!-L-amino acid mixture CPO mGs re) toe 
mg 0.1 M HCl) from New England Nuclear; Pusha, vane pae (>5 Ci/mmole) 


from Amersham/Searle. 


B. GROWTH OF BACTERIA 

Bacterial cultures in liquid media were grown at 37° in a rotary- 
shaking water bath (New Brunswick Scientific Co.) from a 1:100 dilution 
of an overnight culture grown in an identical medium, Maximum aeration 
and minimum pilus breakage was achieved by using shallow cultures, gen- 
erally one fifth of the flask volume, shaken at 125 rpm in baffled cul- 
ture flasks (Bellco Glass Co.). Under these conditions, cultures gen- 
erally reach’ aeell density of 5 x 10; cells/ml in 4 hours using mini- 
mal media and 2 - 2.5 hours for rich media. The density of E. coli 
cells in various media was determined from a standard curve constructed 
by plotting the absorbance at 650 nm of a 1.0 ml volume of culture in 
a cuvette (with a light path of 1 cm) vs. the viable cell count. Vi- 
able cell counts were determined by plating 1.0 ml of an appropriate 
dilution of the culture mixed with 1.5 ml soft top agar which was spread 
on TSB hard agar plates. The plates were incubated overnight at 37° 


and scored for bacterial colonies. 


C. PREPARATION AND PURIFICATION OF PHAGE R1/ 

A culture of WP 156 cells, grown in CTMM-aa at 37° to a cell den- 
Ssityeorrs < 10° cells/ml, was infected with purified R17 phage at a 
multiplicity of 40 PFU's/cell. .The infected culture was allowed to 
lyse with vigorous shaking (150 rpm) for 3-4 hours at which time cell 


lysis was completed by adding lysozyme (66 mg/1) and chloroform 


ah eee ae.) Arc een en 
ee Os Fes 0) eee ore. oh so : at : ae ' 


| | ee 
Py i ye ite “Seeth rie Dare | ry 1m wie a peal i ce 
Ree er ato. wnt) in 


| a 


wee tet fA sth ee Steare ‘hi ry re (Pts m4 

(Pray Ph Pita! a j la a 33 Eh: ? tet Abe Z Wey tale : Sa ent 
y "iW 

geeks Matt eee Sik <P A tae. Lawes ree ° 7G qu hwo 42 wu uP + a tues 


tr Be. nue Wevisiii aw. Goa vgnrih sire fe as iz t: 


z¥ 


«fon belitad dk- wot tia Fh Wolule papa fe) Aeeie ene Se ene 
Jaen 'eocperd let een o Yate sn FIR oe ee pete 


y 
or 


bind : 
ia’. te tireneh ott staat bhi Baio ae Te eS 


eats 9 eh ee . 
1 


f ; aol . i 
Tie ty LAS ee & oh ie i ow rian) es i iy aie ‘ye 


i) eo e ea ey 


i dwortan io cmb pine Clo Tori Gre) fF ciple Gai 
i i} a 
1 ee Oe or eee | Pid A Pendent yd, Fy di ¢ a 


‘he - oe | 


aentereveda eet f-05) an yee ae erie hy Loe ib ht pap Lael 
9 
ane, Na 


i534 8! aay Ss 


edie aa: fokAe 1 yas ey tera bik, TE Pear. Suit ‘we 


; We 


“". 42s. She Livires. ha iecimer): wea Een AAA), Palla’ 


,4n oes T ye Dded: us Ge © veg vata 

a a : i’ : 
a : ine - 

,; gare - 

7 : 


ry . ‘ a iron th wd TAY in a 
. sesh Flan aaa Tite gy oe. Uae Al eern ites 8 i Cre: 


ic 


au F ; i. . ( Ges ty me A , we 
Pel) ee of fi oma VES Sel raie a) hexretor Mee "ne pat 


ene aa0 pier ee ae oe : ttoghaee 


a a“ ce ? 


OE all aa ad viene — hai es) el i el hohe : 


a ae r aY. La 


na | | nana rs (ihe wera a 
7 : ; a. oe : ‘ wu 8 
v( ey : ie — i Tt : mn 


Seng i) tdurine theilasreo0emine ofethe tHeGbations Nihe cell debris 
was removed by low speed centrifugation and the resultant crude lysate 
was titered using the plaque assay method. This method consists of 
plating 1.0 ml of an appropriate dilution of the phage solution to 
whichsQ.<2'ml of bacteria (WP156' célls at (4ax% 10° cells/ml) and a).5 mi 
of molten agar has been added. The mixture is spread on a TSB hard 


agar plate and incubated overnight at 37°. Typically 8 x ge: bo.Le? 


x WOne PFU/ml were obtained in a crude lysate. The phage was purified 
from the crude lysate before the removal of the cellular debris by a 
liquid two-phase polymer system (Albertsson, 1960) containing 0.21 g 
sodium dextran sulfate, 7.15 g polyethylene glycol 6000 and 1.8 g NaCl 
per 100 ml of crude lysate. The R17 phage was extracted from the sodi- 
um dextran sulfate phase and was banded in an equilibrium CsCl density 
eradient at 1.44 Be using -2 24 ¢ -CsCl/4/0.mb.of "RET sphagessolution 

in SSC buffer. 

The number of phage particles in a phage solution was determined 
spectrophotometrically using a Beckman DBG spectrophotometer and an ex- 
tinction:coefficient“at 260 nm of 7.66 noe ml ee (Gesteland and 
Boedtker, 1964). Therefore one absorbancy unit (Aye unit) contained 
ZOLs wx liga. particles. Usually a purified R17 phage preparation con- 
sisted of 0.5 ml of solution containing 5 - 10 x 1014 particles/ml. 


at ieneiied R17 was prepared using low phosphate CTMM as the cul- 


; ; ; a2 
ture medium. At 5 min post-infection, a neutralized solution of ib 
inorganic phosphate (10 mCi) was added and the incubation and purifi- 
cation procedure was as previously described. Freshly purified phage 


ai 
R17 preparations had a specific activity of 2 x 10 cpm/particle. 


3 : ; 
R17 phage labelled with Se enaaiee in the RNA or H-amino acids 
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in the coat and A protein were similarly prepared using CTMMtaa or 
CTMM-aa as the culture medium respectively. At 20 min post-infection 
(10 min post-infection), 0.5 mCi of Hee eroe tne (or 5 mCi Se hein 
acid mixture) was added and the phage was purified in the wend fashion. 
The specific activity of such Proispenred phage preparations was simi- 
lar to that obtained for freshly puriiied a -PLiahel ied phage. A de- 
tailed procedure for the purification of cold or radioactive labelled 
R17 phage has been reported by Krahn et al. (1972), Wong (1975), and 


Wong and Paranchych (1976). 


D. RADIOISOTOPE COUNTING 

Dry samples such as air-dried filter discs from attachment assays 
were counted for 5.0 min in 5.0 ml toluene-based scintillation fluid 
(prepared by adding 4.0 g Omnifluor [New England Nuclear] to 1.0 litre 
of scintillation grade toluene) in a Beckman LS-250 liquid scintilla- 
tion spectrometer. 

Aqueous samples were assayed by combining 0.5 ml of sample with 
5.0 ml Bray's scintillation fluid (180 g napthalene, 12 g PPO (2,5-di- 
phenyloxazole), 0.6 g POPOP (p-Bis(2-(5-phenyloxazolyl)-benzene) ), 
300 ml methanol per litre of 1,4-dioxane [Fisher-Scientific]). The ef- 


32 35 eee DP 
ficiency of counting was >95%, 85% and 30% for ~ P, S and ~H isotopes 


respectively. 

Single isotope restricted channels were used for double-labelling 
experiments and counts were corrected for overlap. 

Similarly prepared samples were monitored for efficiency of count- 


ing using an external standard. 


All samples were corrected for background radioactivity by using 
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controls identical to the samples but containing no radioactivity. 


EamrlHAGE +SPOT TEST 

The sensitivity of a particular bacterial strain to bacteriophage 
R17 was tested by spreading 0.5 ml of a bacterial culture in exponen- 
tial phase on a TSB hard agar plate with a sterile glass spreader. A 
drop of clarified crude phage lysate was placed on the plate and it 
was incubated at 37° overnight. Plaque formation was indicative of 


phage sensitivity. 


F., R17 PHAGE ATTACHMENT ASSAYS 
Pome cbbretionvassay fontcell—associated andjcell~free lf pili 
The filtration assay employed to measure phage-pili complex 
formation was essentially that described by Danziger and Paranchych 
(1970a). Unless otherwise specified 0.5, 1.0 and 2.0 ml samples of 
cultures (4 - 8 x 10° cells/ml) were diluted to 2.0 ml with TMM. Each 


sample received 0.1 ml of 0.1 M MgCl. and 0.1 ml of ae or See 


2 

led R17 (containing ere particles of Ri wand. GensSex 10° cpm, depend- 
ing on the age of the eat eae phage preparation). The samples 
were incubated at 4°C for 40 min to measure phage adsorption to pili. 
During this time, Gelman GA-6 triacetate filters (0.45 u) were placed 
in a series of 20 ml filter head units (Millipore Co.) and were washed 
with 5 ml of water, 5 ml of 5 mg % (w/v) bovine serum albumin to re- 
duce non-specific binding of free phage particles to the filters, and 


Senleots Mia vaeee The sample was passed through the filter under a 


vacuum of 6 in of mercury (Gast pump) and the sample tube was 
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rinsed with 5 ml of.-TMM + eae The filter was washed with two addi- 
tional portions’.ofelMy + Mee and the filters were thoroughly drained 
of liquid. The filters were mounted on stainless steel pins until 
thoroughly dry and were counted in 5 ml of Omnifluor scintillation 
fluid. Two samples containing only phage were filtered, dried and 
counted to measure background levels of radioactivity. Also, duplicate 
0.1 ml samples of phage solution were dried on Whatman 3 mM filter 
discs and counted to give the amount of input radioactivity. The slope 
of a plot of sample volume (0.5, 1.0 and 2.0 ml) versus radioactivity 
(cpm/sample) gave the level of attachment for a 1.0 ml sample of cells 
corrected for nonsaturation of the available F pili with phage at high 
cell densities. 

Alternatively, samples containing cell-free F pili were assay- 
ed for radioactive R17 phage attachment using the following modifica- 
tions. Sample volumes were reduced to 1.0 ml to which 50 ul of 0.1 


ih : 
MgCl, and 50 ul of radioactive-labelled R17 (5 x 10 particles/sample) 


2 
were added. The mixture was incubated at room temperature for 40 min 
and was passed through the filter accompanied by only one 5 ml portion 


of TMM + Moel'| to rinse the sample tube and wash unattached R17 phage 


from the filter. The filters were dried and counted as previously 


described. 


2. Centrifugation assay for cell-associated F pili 


; 32 
In this assay, cell-associated pili are saturated with — P-RI1/ 
particles (107 particles/cell) and separated from cell-free pili by 
centrifugation. This allows for a direct comparison between samples 


of the same or differing strains of cells for available F pili on the 
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cell surface (Paranchych, 1975). 


7] lamiapontion! Ofncelilisen(OcG Kh units) was diluted with 1 ml 


650 
of cold TSB broth and placed in an icebath. Each sample received 20 ul 
32 


ore 0. 5AM MgSO, and=0O.1 (ml ‘of PERE C2 to. particles) eandee al- 
lowed to incubate at 5° for 40 min. A 0.1 ml portion from each sample 
was spotted on a Whatman 3 MM filter disc to determine the input of 
radioactivity and the rest of the sample was centrifuged at 10,000 x g 
for ten minutes. The supernatant was decanted and drained and the 
sides of the centrifuge tubes were blotted dry. The pellets were re- 
suspended in 0.2 ml TMM + Moa, and 0.1 ml was spotted and dried on a 
filter disc. The filters were dried and counted in 5.0 ml toluene 
scintillation fluid. ED2601 (F ) was used to determine background at- 


tachment and the level of attachment of ED2602 (JCFLO) was taken as 


10072. 


G. ASSAY FOR PLASMID TRANSFER 

Log-phase cultures (2 x 10° cells/ml) of donor and recipient cells 
were mixed at a ratio of 0.1 ml donor cells/0.9 ml recipient cells and 
incubated at 37° for 30 min with gentle shaking. The mating mixture 
was then chilled to 4° and plated on various selective minimal medium 
plates at appropriate dilutions. After incubation at 37° for 24 - 48 
hr, the number of conjugants/plate was enumerated and reported as the 


number of conjugants per 100 donors of original mating culture. 


H. CENTRIFUGATION EQUIPMENT 


All low speed centrifugation procedures (<15,000 rpm) were performed 


using a Sorvall RC2-B centrifuge with a thermostatic control set at 5°, 
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using an SS-34 or GSA rotor depending on sample volume. Samples were 
spun in 50 ml polypropylene tubes or 15 or 30 ml Corex glass tubes with 
rubber adapters (Sorvall Inc.) or in 250 ml Nalgene bottles with screw 
cap lids. 

High speed centrifugation procedures were done using a Beckman L2 
65-B ultracentrifuge set at 5°. All gradients were formed using swing- 
ing bucket rotors SW50.1 (6 x 5 ml buckets), SW27.1 (6 x 18 ml buckets) 
and SW27 (6 x 30 ml buckets) with Beckman cellulose nitrate tubes of 
the appropriate size. Procedures requiring pelletting of material used 
a fixed angle 60 Ti or S30 rotors equipped with screw top polypropylene 


tubes of an appropriate size. 


I. CsCl DENSITY GRADIENT CENTRIFUGATION 

Routinely, the sample was dissolved in 4.5 ml of SSC buffer pH 7.0 
in a Beckman cellulose nitrate tube to which a pre-weighed amount of 
dry, ultrapure CsCl (Gallard, Schlesinger) was added to give the de- 
sired density at 20° as determined by the index of refraction at 20°. 
The total volume was 4.7 - 4.9 ml. The gradient was formed in an 
SWHUSLSrotor atrs.aat> 35,000 rpm for 22) hours. 

The tube was punctured at the bottom with a gradient dripper (Buch- 
ler Instruments) and 15 drop fractions were collected (0.2 ml in each) 
in 13 mm test tubes. 

The index of refraction at 25° was determined for even numbered 
fractions using a 10 ul sample and a Bausch and Lomb refractometer con- 
nected to a Haake thermostatically-controlled circulating water bath. 
This value (n>) was converted to density at 5° eo using the equa- 


° 


° 
tions ae = 1.027(p-- ) - 0.0268 (Beard, personal communication) and 
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20° 


0 Sel, 2402.0 = 12-6483 (International Critical ‘Tables). A 


De Da 


table converting n to po appears in Appendix A. The contribution 


of SSC buffer to the index of refraction was negligible. 


J. SUCROSE GRADIENT TECHNIQUES 

The buoyant density of pili in sucrose was determined using a dis- 
continuous sucrose gradient containing layers of 3.0 ml of 70, 60, 50, 
40 and 30% (w/v) sucrose in SSC, pH 7.0. The sample of pilus solution 
(1.5 ml containing 5 - 6 mg of pili) was layered on the gradient and 
the gradient was centrifuged for 72 h at 22,000 rpm at 5° using an 
SW27.1 rotor. The gradient tube was subsequently punctured at the bot- 
tom and the contents of the tube were pumped out into 0.5 ml fractions 
using an LKB Perpex peristaltic pump. The refractive index of each 
fraction was read at 25° and this value was converted to density in 
sucrose at 5° by comparing the nee to a standard curve relating den- 
sity of various concentrations of sucrose at 5° (CRC Handbook of Bio- 
chemistry, 1968) to the index of refraction of solutions made at 5° and 
subsequently warmed to 25°. A table comparing nee to ae for sucrose 
is given in Appendix B. 

Sedimentation velocity sucrose gradients were performed by layering 
0.2 ml of sample on top of a 4.5 ml continuous 5 - 20Z (w/v) sucrose 
gradient (in SSC buffer, pH 7.0) formed with a split chamber gradient 
The 


maker (Buchler Instruments) in a 5.0 ml cellulose nitrate tube. 


gradient was centrifuged in an SW50.1 rotor at 45,000 rpm at Steger fa ate) 


min and was dripped in the usual manner. 
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K. ELECTRON MICROSCOPY 

Specimens for electron microscopy were prepared by placing a drop 
of solution on a 200 mesh copper grid held by fine-tipped forceps for 
20 to 60 sec and draining the drop away with filter paper. The grids 
had previously been coated with a 2% parlodion film (in amyl acetate), 
thoroughly dried, coated with carbon and glowed using a Balzers Micro 
BA3 carbon evaporation unit to promote sample adhesion to the grid. 
The specimen was negatively stained with 2% sodium phosphotungstate 
(pH 7.0) for 10 to 20 seconds and was drained with filter paper. The 
specimens were examined with a Philips EM300 transmission electron mic-— 
roscope at 4 wA, 80 kV. The longer times for sample application refer 
to samples containing cells while the longer staining times were used 


for cell-free purified pili specimens. 


iy “LSOELECTRIG’ FOCUSENG 

Isoelectric focusing was conducted according to the method of Ves- 
terberg and Svensson (1966) as modified by Beard et al. (1972). The 
pilus preparation (2 - 3 mg) was dialyzed for 3 days against 6 X 2 
litres of 1% glycine (w/v) in distilled deionized water. The dialyzed 
pilus solution was incorporated into a 50 ml solution of 50% sucrose 
(w/v) containing 4% (w/v) ampholyte (LKB ampholine, pH range 3.0 to 10). 
A gradient was formed in an LKB 8101 100 ml column with the anode at 
the bottom of the column. The anode solution consisted of 0.2 ml con- 
centrated H, SO, plus 12 g sucrose in 14 ml of water. An LKB gradient 
maker with the 50% sucrose solution described above in one chamber and 


50 ml of water in the other chamber was used to form the gradient. The 


cathode solution (0.2 ml triethanolamine in 10 ml water) was layered on 
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top of the gradient. The column was focused at 350 volts (10 - 20 ma) 
for 24 hours using an LKB 3371 D power supply at which time the current 
had fallen to 2 - 3 ma and a band near the bottom of the column was vis- 
ible. The band was sharpened by increasing the voltage to 450 volts 
for 5 hours. The procedure was carried out at 10° using a thermostati- 
cally controlled Haake circulating water bath and a KR30 refrigeration 
unit (PolyScience Corporation). At the end of the run, the anode was 
closed off and the column was pumped out into 1.0 ml fractions using 
an LKB peristaltic pump. The pH of each fraction was recorded with a 
Radiometer 26 pH meter equipped with a glass microelectrode and the ab- 
sorbance at 280 nm was determined on every second fraction using a 
Beckman DBG spectrophotometer. 

The polarity of the column was reversed by reversing the anode and 
cathode and using 10 ml of 1% (v/v) sulfuric acid as the anode solution 
and 0.4 ml triethanolamine in 14 ml of water containing 12 g of suc- 


rose. 


M. PAPER CHROMATOGRAPHY 

A piece of Whatman 1 MM paper (23 by 56 cm) with the origin 10 cm 
from one end was spotted at 3 cm intervals with hydrolyzed pilin (0.5 - 
2.0 mg) and 20 ug of the following standards: glucose, fructose, gal- 
actose, glucosamine, galactosamine, N-acetylglucosamine, ribose, ara- 
binose, fucose, rhamnose, xylose, sucrose, lactose, 3,6-dideoxyglucose, 
3-deoxyglucose (the unusual sugars being the gift of Dr. R.U. Lemieux). 
The required amount of material was applied to the paper in successive 
2 ul amounts with the paper being dried between applications. The pre- 


pared chromatogram was pre-equilibrated in a saturated chromatography 
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tank for four hours at which time solvent was introduced and the chroma- 
togram was run (by descending chromatography) for 16 hours at room tem- 
perature. The solvent was ethyl acetate:pyridine:water (12:5:4). 
The chromatogram was dried and sprayed with one of the Eollenine 
sprays: 
(a) Anisaldehyde-sulfuric acid (Stahl and Kaltenbach, 1961). A 
solution containing 90 ml ethanol (95%), 15 ml anisaldehyde 
(Eastman Organic Chemical Co.), 5 ml concentrated sulfuric 
acid and 1.0 ml glacial acetic acid. The chromatogram is 
heated at 100° for 5 - 10 min to produce spots of various 
colours, characteristic for a wide range of sugars. The spray 
can detect 1 ug of sugar. 


(b) AgNO,-NaOH (Trevelyan et al., 1959). The chromatogram is 


3 
sprayed with 1 ml of a solution of saturated Agn0, dissolved 
in 199 ml of acetone by the addition of 5 ml of water. The 
chromatogram is dried and sprayed with 2% NaOH in methanol 


with a small amount of water to affect solution. The chromato- 


gram is heated at 100° for several minutes to produce black spots 
on a buff background. The sensitivity for reducing sugars was 


1 ug, less for non-reducing sugars. 


N. SDS POLYACRYLAMIDE GEL ELECTROPHORESIS 

Polyacrylamide gel electrophoresis was performed at room tempera- 
ture by the method of Weber and Osborn (1969). A solution (25 ml in 
volume) consisting of 12.5% acrylamide and 0.34% N,N'-methylenebis- 
acrylamide in 0.05 M sodium phosphate, pH 7.2, containing 0.1% SDS was 


filtered through a 0.2 y Nalgene disposable filter unite: he 
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polymerization reaction was catalyzed by the addition of 0.07% ammonium 
persulfate and 9.02% N,N,N',N'-tetramethylethylenediamine which occurred 
in approximately fifteen minutes. The gel solution was syringed into 
12 cm glass tubes (inner diameter 5 mm), and capped on the eeon with 
Parafilm, to a height of 10 cm. A layer of water was introduced over 
the gel solution with a small syringe with a bent needle to achieve a 
smooth gel surface for application of the sample. After the gels had 
hardened, the Parafilm was removed and the gels were stored in the cold 
in a beaker of buffer solution. 

mecOtal Of 0" — >0rtS of protein was’ dissolved An™50' lt of 0727 SDS 
and 0.02% dithiothreitol in a glass vial and was heated in a boiling 
water bath for 5 min. The vials were cooled and 59 ul of 60% glycerol 
(v/v) containing 0.005% bromphenol blue was added to the samples. The 
samples were applied to the top of the gels which previously had been 
drained of water and inserted symmetrically in a circular disc gel 
electrophoresis unit (12 sample maximum [Hoefer Scientific Instruments]). 
Buffer (0.05 M sodium phosphate, pH 7.2, 0.1% SDS) was layered over the 
sample and the bottom and top tanks were filled with buffer. The bot- 
tom tank was equipped with a jacket through which tap water was passed. 
The gels were run at 5 mA/tube until the dye front was 1 cm from the 
bottom of the tube (3 hours). The gels were removed from the tubes us- 
ing a stream of water and a syringe fitted with a cannula and were 


stained using one of the following stains. 


O. STAINS FOR POLYACRYLAMIDE GELS 


1. Coomassie brilliant blue for protein 


A modified version of the stain described by Fairbanks et al. 


(1971) using one tenth of the normal concentration of Coomassie brilliant 
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blue was used. The gels were soaked in 50 ml of 9.005% (w/v) Coomas- 
sie brilliant blue in 197% isopropanol, 19% acetic acid for 24 hours. 
The gels were then stained in 0.005% Coomassie brilliant blue in 25% 
isopropanol, 10% acetic acid for another 24 hours. This method gave 
visible protein bands on a relatively faint background which could be 
removed in a few hours by destaining in 10% acetic acid. 

Rapid staining and destaining was accomplished by staining the 
gels at 37° for 1.5 hours in 0.25% Coomassie brilliant blue in 50% 
methanol, 10% acetic acid and using a rapid gel destainer (Canalco) for 
30 min at room temperature using 5% methanol, 7.5% acetic acid. 

2. Methyl green stain for phosphoprotein 

The method of Cutting and Roth (1973) was used to detect the 
presence or absence of phosphoprotein in polyacrylamide gels. The 
gels were rinsed in 10% sulfosalicylic acid (SSA) for 24 hours to re- 
move contaminating phosphate ions and then soaked in 0.5 M CaCl., LO7 
SSA for two hours and washed three times in distilled water. The gels 
were incubated at 60° in 0.5 N NaOH for 30 min, washed twice at 10 min 
intervals with 1% ammonium molybdate, soaked in 1% ammonium molybdate, 
AE NaHCO, for 30 min and stained in 0.5% methyl green in 7% acetic acid 
for 30 min. The gels were destained and stored in 10% acetic acid. 
a-Casein was run as a phosphoprotein control to test the sensitivity 
of the procedure which could detect 1 nmol of phosphate or 1 phosphate 
residue in 300 amino acid residues. Nonphosphoproteins (bovine serum 
albumin) appeared as white bands on a faint green background while 
phosphoproteins (a-casein) appeared as dark green bands. 


The periodic acid-Schiff reaction described by Clark (1964) 
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amplified by the Ortec Application Note AN32 (1972) consisted of rins- 
ing the gels in 10% acetic acid overnight followed by 0.2% periodic 
acid for 45 min at 5°. The gels were placed in Schiff reagent for 2 
hours at 5° and destained and stored in 10% acetic acid. The Schiff 
reagent was reduced and acidified basic fuchsin. A 0.5% solution of 
basic fuchsin (200 ml) was dissolved in a boiling water bath for 5 min. 
After the solution was cooled, filtered and 20 ml of 1 N HCl had been 
added, it was cooled to room temperature, 1 g sodium metabisulfite was 
added, and it was placed in the dark for 18 hours. Activated charcoal 
(2 g) was added, and the solution was shaken and filtered to give a 
clear solution. The stain produced red bands on a clear background as 
seen when rabbit serum was used as a source of glycoprotein. The test 
is highly sensitive for aldehydes. 
4, Oil-red O stain for lipoproteins 

Gels were soaked in 60% ethanol saturated with oil-red O for 
24 hours and were destained in 50% ethanol followed by 10% acetic acid 
(Abodeely et al., 1971). Two ul of rabbit serum when run on a gel gave 


red bands of very high molecular weight (Abodeely et al., 1971). 


P. ANTISERA PREPARATION 

To ensure that absolutely pure pili were used in the preparation of 
anti-pilin antiserum, purified PAK and PAK/2PfS pili were subjected to 
a final purification step of SDS-polyacrylamide gel electrophoresis. 
Preparative gel electrophoresis was similar to the procedure for SDS- 
polyacrylamide gels described above except for the following differ- 
ences. The gels were 1 cm in diameter and 6 cm in length and could ac- 


commodate a 0.5 ml sample containing 300 ug of SDS-treated pili. 
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The buffer was 0.05 M sodium phosphate, pl 7, 2 WO SDS; ‘ln "each sample 
of SDS-treated pili was 20 - 30 ug of prestained pilin which had the 
same mobility as unstained pilin. The prestained pilin was prepared 
according to the method of Griffith (1972). To 1 ml of ai hue solution 
(2 - 5 mg), 1.0 ml of 1 M disodium phosphate, pH 9.2, was added as well 
as) 025°ml_ of 107 Remazol) brilliant blue in’ 107 SDS: .The mixture was 
boiled for 15 min, cooled and the stained protein was precipitated by 
the addition of 5 ml of 0.1 N HCl in spectrograde acetone. The protein 
was harvested by low speed centrifugation and redissolved in 2 ml of 
Osi. SDS. 

After the pilin band had migrated approximately 3 cm down the gel 
(10 ma/tube for four hours) the run was terminated and the pilin band 
was excised from the gel. The pilin bands from four gels (1.2 mg total) 
were suspended in 3 ml of gel buffer and pulverized by forcing the 
slices repeatedly through an 18-gauge needle. The gel was mixed thor- 
oughly with 3 ml of Freund's complete adjuvant and 2.0 ml of this homo- 
genized preparation was injected subcutaneously into the dorsal area 
of three New Zealand white rabbits. The injections were repeated three 
more times at 6 week intervals and at five months the rabbits were bled 
from the ear using gentle suction. The blood was allowed to stand at 
5° for several hours until it had formed a firm clot and was gently re- 
moved by a wooden sterile stick inserted in the clot. The resultant 


serum was stored at -20°. 


Q. MICROIMMUNODIFFUSION ANALYSIS 


Double gel diffusion analysis was carried out on glass plates (5 X 


5 cm) on which rested a plastic template consisting of 6 wells 
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encircling a center well, each 10 yl capacity, supported by an 8-pound 
test monofilament fishing line. A layer of hot 1% agarose (Induboise 
A45, Industrie Biologique Francaise) in 0.1 M sodium phosphate, pH 7.2 
and 0.15 M NaCl was introduced between the glass plate and the template. 
After the agarose had cooled, the wells were sucked clean of excess 
agarose with a Pasteur pipet. The microdiffusion plates were stored 

in a water-saturated atmosphere at 5°, The serum was applied undiluted 
to the center well and the antigens were placed in the surrounding 
wells. The plates were incubated for 4 days at room temperature in a 
water-saturated atmosphere. 

The templates were removed from the surface of the agarose and the 
agarose was rinsed for 48 hours in saline at 5° and 24 hours in dis- 
tilled water (5°). The plates were stained with 0.005% Coomassie bril- 
Peant’ blue in 107 isopropanol, 10% acetic acid at 5~ for one hour or 
until blue bands were visible. Destaining was in 10% acetic acid at 
5°, after which the agarose was allowed to dry to the surface of the 


glass. 


R. ACID AND BASE HYDROLYSIS 

Routine acid hydrolysis was performed on 1 mg amounts of salt-free 
lyophilized pili. The samples were hydrolyzed in 6 N HCl containing 
0.1% phenol for 22 hours at 110° in evacuated, sealed glass tubes. Af- 
ter hydrolysis, the tubes were opened and lyophilized over NaOH pellets. 

Alkaline hydrolysis was by the method of Hirs (1967). Pili samples 
(1 mg of salt-free lyophilized material) were placed in Pyrex tubes 
containing 0.15 ml of 1.35 N NaOH and autoclaved for 20 min at 15 1b/ 
a, The samples were then cooled and acidified with 0.25 ml of glacial 


acetic acid. 
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CHAPTER III 


PURIFICATION OF F PILI FROM CULTURES OF E. COLI 


A. INTRODUCTION 

The following chapter describes the author's attempts at purifying 
F pili. Earlier work by Brinton and his coworkers (Brinton, 1965, 
Po7l;s Brinton and, Beer, 1967: Novotny et al., 1969a) suggested that F 
pili were continually being synthesized and released by the cell re- 
sulting in an accumulation of F pilus material in the supernatant. 
However the lack of a quantitative assay for F pili either in a bacte- 
rial culture or in a concentrated cell-free solution made estimation of 


the available F pili in a culture difficult. 


B. RESULTS AND DISCUSSION 
Lo Ghoicesot bacterial “strains 

The purification of F pili is greatly simplified if the host 
strain is derepressed, and, therefore, expresses its full capacity for 
F pilus synthesis. Also the host strain should produce no other extra- 
cellular appendages such as type 1 pili or flagella. 

The first attempts at purifying F pili used HB11 (Brinton and 
Beer, 1967; Valentine et al., 1969), a B/r lac strain of fF. (coli) car— 
rying the wild type Flac plasmid, HBFLO, which produced neither type 1 
pili nor flagella (fins. ‘claws a definite advantage since these are 
the main contaminants of F pili preparations. However HB11l was poorly 
characterized genetically in comparison to ED2602, a K12 strain carry- 
ing the F plasmid JCFLO which had been used by Willetts and his cowork- 


ers in elucidating the F transfer system (Achtman et al., 1971). 
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FIGURE 2, Electron micrographs of cultures of HB11 and ED2602 cells. 


Cultures of HB11 (A) and ED2602 (BR) were grown in broth to 2 x 108 
cells/ml and labelled with R17 particles (2090 p/cell). The micrograph 
of HB11 is taken at low magnification to illustrate the large amount of 
free F pili in the culture. The micrograph of ED2602 contains a cell 
producing type 1 pili as well as a small fragment of flagella. Maegni- 
fication: A, X2800; B, X17,500. 


Furthermore, it was a poor donor when assayed for transfer ability and 
gave cloudy, indistinct plaques when lysed with R17 bacteriophage. 
Therefore, HBll was cured of its F plastid using acridine orange 
as outlined by Miller (1972). HB11 F colonies were isolated and test- 
ed for their inability to grow on a lactose-based minimal medium, their 
insensitivity to the F-specific phages Ri/ and M13 and their lack of F 
pili as assayed by 325 R17 attachment assay and by electron microscopy. 
The strain ED2687 was the transconjugant isolated from a cross 
between E. coli ED2602 X HB11F . It was isolated on the basis of its 
ability to grow on a lactose-based minimal medium containing strepto- 
mycin but no histidine, tryptophan or lysine, as well as the presence 
of F pili as measured by R17 phage sensitivity and electron microscopy. 
The principal strains used for the production of F pili were 
HB11, ED2687 and ED2602, the first two strains sharing a common host 
strain, HB11F , while the last two have the plasmid JCFLO in common. 
An electron micrograph of strains HBl11 and ED2602 is given in Figure 2. 
The amount of F pili produced by these three strains was meas- 
ured by electron microscopy, oops aie phage attachment using the centri- 
fugation assay for cell-associated F pili only, and by the efficiencies 
with which they plate R17 and transfer their plasmid to a recipient 
strain relative to ED2602 (Table 3). It should be noted that while 
ED2602 had the most cell-associated F pili compared to HB1l and ED268/7, 
it also produced type 1 pili and small amounts of flagella while ED2687 
and HB11 did not do so. Also HB1l cultures characteristically contain- 


ed large amounts of free F pili in the background of specimens of cells 


prepared for electron microscopy. 
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TABLE 3 


A Comparison of the Level of Piliation on the Cell Surface 
of Six Bacterial Strains 


Efficiency 32p-R17 
of Efficiency particles 

Plating of attached/ F pili/ 
Strain, Plasmid OF RE CZ) Transfer (%) cell cell 
ED2601 0 0 0 0 
ED2602 JCFLO 100 100 625 0.80 
ED2687 JCFLO 69 ay, 508 Oars 
ED2692 JCFLtraDg a) 0 945 Bag 
HB11 HBFLO 96 ABs! 529 06-70 
WP156 Hfr 100 nadoy 449 ned a” 


“not determined 


Each culture was grown in TSB broth to 2 x 108 cells/ml and chill- 
ed. A sample of each culture was assayed for number of cells/ml (col- 
ony count); transfer ability using ED2601 as the recipient cell; 32p- 
R17 particles attached/cell using the centrifugation assay; and effici- 
ency of plating R17 using the cells as a bacterial lawn. The efficiency 
of plating and transfer ability were expressed as percent where ED2602 
was taken as 100%. The number of F pili/cell was estimated by counting 
the F pili attached to 50 cells visualized by electron microscopy. The 
details for these methods are given in Chapter II. 
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The strain ED2692 is included in Table 2 since it produces 
nearly twice the amount of F pili as ED2602 as seen by electron micro- 
scopy. This is due to a traD mutation which renders ED2692 transfer- 
deficient and resistant to R17 although still capable of aenian 
phage particles. ED2692 is a close relative of JC6449, the strain used 
by Brinton in his chemical analyses of F pili (Brinton, 1971). Unfor- 
tunately, ED2692 was not available until the latter stages of this work 
and was used very little in preparing F pili concentrates. The Hfr 
strain, WP156, used in this laboratory for propagating phage stocks, is 
included because it is a more efficient host for R17 phage. A summary 
of the strains used in this work along with genotypes is given in Table 2. 

2. Growth conditions for optimal F pilus production 

Production of F-type pili usually parallels the growth of the 
host cells in a culture (Ippen and Valentine, 1965). Pili synthesis 
increases most rapidly during the exponential phase of cell growth and 
reaches a maximum or plateau during late exponential phase or early 
stationary phase of growth (Ippen and Valentine, 1965; Brinton and Beer, 
1967). A general phenomenon of pili outgrowth is the stability of re- 
leased F pili in the medium for many hours, while the level of piliation 
on the cells, as measured by electron microscopy or RNA-phage adsorbing 
capability (Brinton and Beer, 1967; Valentine et al., 1969; Beard et 
al., 1972) reaches a maximum at 5 - 7 x 10° cells/ml and drops drastic- 
ally during early stationary phase (2 x 10° cells/ml) to 4% of the max- 
imum level of cell-associated piliation (Donelian, 1972). This decrease 
in cell-associated F pili at high bacterial cell density coincides with 
the production of F phenocopies (Jacob and Wollman, 1961; Hayes, 1964) 


which are poor donors (Novotny et al., 1969b; Ou and Anderson, 1970) 
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and are relatively insensitive to RNA phage infection (Krahn and Paran- 
ehvcn, Uy 1); 

Brinton (1965; Brinton and Beer, 1967; Brinton et al., 1964; 
Novotny et al., 1969a) postulated, on the basis of the reappearance ki- 
Metics of f pili atter mechanical’ shearing, that’ F pili at’ early expo- 
nential phase of the culture grow out and drop off the cell every 4 or 
5 minutes. The fact that F pili show a narrow range in length varia- 
fron .).2 — 1.3 microns), unlike type I pili or flagella, whose Length 
increases throughout the generation time of the cell, supported this 
claim of continual pili renewal. Valentine et al. (1969) reported that 
DO, OL the total” F pili in a broth culture of HB45 "bacteria was free F 
Pao tt) nx 10° cells/ml. Donelian (1972) reported a lower value of 
30% for HB11 F pili grown in a synthetic medium to 5 x 10° cells/ml. 
Donelian also showed that the accumulation of free F pili in a bacteri- 
al culture was not due to mechanical removal of the pili by agitation 
of the culture used to achieve good levels of aeration. 

Levels of piliation are affected by temperature, the optimum 
occurring between 37° and 42°, whereas no pili are synthesized by cells 
grown at room temperature (Novotny and Lavin, 1971). Also a rich medi- 
um supports higher levels of piliation than a synthetic medium (Tomoeda 
et al., 1975) and cultures grown under limited aeration are better 
producers of F pili than aerated cultures (Curtiss et al., 1969; Tomo- 
eda et al., 1975). This last statement opposes the collective findings 
of Brinton, Beard, Donelian, and Novotny and coworkers, who routinely 
used well-aerated cultures to produce maximum amounts of F pili. No- 
votny et al. (1969b) have suggested that F pilus outgrowth is regulated 


by aerobic metabolic processes which are slowed down during stationary 
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phase growth due to competition for existing nutrients and oxygen. 

These previous studies were used as the starting point for de- 
veloping a purification procedure for F pili. Donelian (1972) studied 
extensively the growth characteristics and harvesting of F pili pro- 
duced by HB1l and his findings were adopted by this author. However a 
few modifications, presented below, were made. 

Preliminary studies showed that the components of broth badly 
contaminated F pili preparations with carbohydrate and protein material. 
This was done by simply adjusting the pH of sterile broth to 4.9 and 
allowing it to stand overnight in the cold as described in the acid pre- 
cipitation of F pili from broth supernatants by Donelian (1972). A 
large precipitate composed of carbohydrate and protein as indicated by 
the orcinol (Ashwell, 1957) and Lowry (Lowry et al., 1951) colorimetric 
assays was obtained. 

Thus, a synthetic medium was sought which supported a level of 
F pilus synthesis similar to that achieved with broth cultures. The 
conclusion drawn from this work showed that on the average, synthetic 
media achieved only 75 - 80% of the amount of F pili produced by cul- 
tures grown in trypticase soy broth (TSB), providing a complete amino 
acid supplement such as 1% Earle's amino acid mixture (Difco) or 1% 
hydrolyzed casein (Casamino acids [NBCo]) was added to the medium. 

The sugar used as a carbon source could be either glucose or lactose, 
both supporting equivalent levels of piliation. There appeared to be 
no special requirement for various salts or vitamins other than those 
supplied by the ingredients in CTMM. The composition of broth-based 
and synthetic media as well as the conditions for the storage and pro- 


pagation of bacterial strains has been given in Materials and Methods. 
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The relationship between cell density and the level of piliation 


in terms of RNA phage adsorption capacity has been previously explored 
(Brinton and Beer, 1967; Valentine et jake, 1969: sBeard etal. 19725 
Donelian, 1972). The optimal level of F pilus synthesis Bene during 
early log phase, and then, depending on the strain being studied, pili- 
ation decreases at varying rates as cell growth enters the stationary 
phase. This was also shown to be the case for the F plasmid JCFLO in 
ED2687. As seen in Figure 3, maximal piliation, as determined by meas- 
uring cell-associated pili, occurs at cell densities of 2 x 10° cells/ 
ml or less. Thereafter, the level of cell-associated pili begins to 
decrease. However, the maximal amount of F pili/ml of culture, which 
includes cell-free pili, occurs during early stationary phase, i.e., 
deere he Ol Xe 16 cells/ml, and then decreases dramatically in a manner 
similar to the strains previously studied. 
3. Removal of F pili from the cells 

While 30 - 50% of the F pili in a culture are free from the 
cells (Valentine et al., 1969), the percentage of F pili recovered can 
be raised to 65 - 70% by shearing the attached F pili off the cells. 
Brinton (1965) and Valentine and Strand (1965) first suggested high 
speed blending to shear off the F pili and the conditions for the most 
efficient use of a blender such as a Sorvall Omnimixer were studied by 
Novotny et al. (1969a). They proposed that 40 ml samples of pr cells 
required 2 minutes blending at 2200 rpm for efficient removal of F pili 
without excessive shearing of the F pili into small fragments or undue 
contamination with other surface structures such as flagella or type l 


pili. Donelian (1972) modified this procedure for large scale cultures 
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FIGURE 3. The relationship between levels of piliation and cell den- 
SLty ine horcols SED2687. 


A Rt culture of ED2687 cells was diluted in TSB to a density of 
1 x 10/ cells/ml, then grown at 37° in a rotary water bath... At fitteen 
minute intervals, samples were taken and assayed for optical density at 
650 nm and the number of viable cells/ml to give the growth curve (e-e). 
In addition, a sample of cells was diluted when necessary with cold 
medium to 5 x 107 cells/ml in a total volume of 2.0 ml. 32P-labelled 
R17 was added to each sample at a ratio of 10% particles/cell and as- 
sayed for the number of R17 particles attached/cell (m-m) using the 
centrifugation assay. Similarly a duplicate sample was assayed for to 
total 32P-R17 attachment/ml of culture (o-o) using the filtration assay 
and ratio of 103 R17 particles/cell. Aliquots of each sample were also 
treated with formaldehyde, then examined by electron microscopy (as de- 
scribed in Materials and Methods) to determine the number of cell- 
associated F pili per 100 cells (O-D). 
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by using a continuous flow blender cup. This device was much more con- 
venient than blending the cells in small batches but the shearing speed 
and flow rate which he recommended were very slow, i.e., four hours for 
Holt tresnoftcultures 

Thus conditions were sought which maximized pilus removal from 
the cells without shearing the pili into shorter fragments. The opti- 
mum conditions were a flow rate of 200 ml/min and a blender speed of 
8200 rpm which resulted in an 83% loss in R17 phage attachment capabi- 
lity by the blended cells with no visible destruction of pili as visu- 
alized by electron microscopy. The propensity of F pili to nonspecifi- 
cally bind to the cells was overcome by chilling the culture and blend- 
ing cup as suggested by Novotny et al. (1969a). Also, the addition of 
10 mM urea to the chilled culture improved the yield of F pili in the 
supernatant by 13%. ‘This effect was supposedly due to the ability 
of the ureasto dissociate F pili from cells and cellular debris, i-e., 
solubilize the pili and therefore increase the amount of F pili in the 
supernatant. 

This procedure was used to prepare cell-free supernatants from 
which the F pili were concentrated by precipitation or two-phase parti- 
tioning techniques. 

4, Concentration and purification of F pili from the supernatant 

Several distinct procedures for concentrating F pili from a 
cell-free supernatant have previously been reported. The first widely 
used procedure involved precipitating F pili at their isoelectric point, 
pH 4.0, from chilled broth supernatants (Brinton and Beer, 1967; Valen- 
tine et al., 1969; Donelian, 1972), followed by CsCl isopycnic centri- 


fugation. These authors concluded that the resulting F pili concentrate 
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was grossly contaminated with carbohydrate and protein material and 
that several cycles of CsCl gradient centrifugation caused severe losses 
of F pili material (Valentine et al., 1969). 

In the present study, an effort was made to improve the fore- 
going purification procedures by seeking a more effective means of con- 
centrating pili from crude cultures following shearing of pili from the 
cells. A comparison of a number of approaches to this problem are des- 
cribed in what follows. 

(a) Precipitation methods 

F pili were precipitated from a culture supernatant with ammoni- 
um sulfate, polyethylene glycol 6000 (PEG 6000) in the presence of 0.5 
N NaCl, or by adjusting the pH of the supernatant to 4.0, the isoelect- 
bic point of | Oia is Hs 

As shown in Figure 4, the major portion of the F pili in a cul- 
ture supernatant was recovered in the precipitate formed by the addi- 
tion of 30% ammonium sulfate (w/v). Raising the concentration of am- 
monium sulfate beyond 30% recovered negligible additional amounts of 
precipitated F pili. Similarly 5% PEG 6000 (w/v) was the most effect- 
ive concentration for precipitating F pili from culture supernatants 
containing 0.5 N NaCl. 

Separate 15 litre portions of a blended, Fr culture superna- 
tant were adjusted to pH 4.0 with 1.0 N HCl or, variously, 30% ammoni- 
um sulfate (w/v) or 5% PEG 600 + 0.5 N NaCl. The precipitates formed 
by these procedures were allowed to settle for 48 hours in the cold 
and were then harvested by low speed centrifugation. 

The most efficient procedure for redissolving F pili from 


these precipitates was by resuspending the pelleted precipitate in 
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FIGURE 4. The effect of ammonium sulfate and PEG 6000 on the preci- 
PEtAationsOfte COlLIe obi epee 


A 100 ml volume of a blended HB11 culture 

was adjusted to various concentrations of ammonium sulfate in steps of 
5% from 10 to 60% (w/v). After each addition of ammonium sulfate the 
precipitate was allowed to settle and was collected by centrifugation. 
The precipitate was dissolved in 100 ml of fresh, cold medium and a 
32P-R17 phage attachment assay was performed on 0.5, 1.0 and 2.0 ml 
samples of redissolved material. The results are expressed as percent 
of R17 phage attachment recovered from the supernatant .(™#—w®). 


Similarly PEG 6000 was added to an HB1l culture supernatant (100 ml) 
containing 0.5 N NaCl in increments of 1% between 2 and 8% (w/v). The 
precipitate collected after each addition was dissolved in 100 ml of 
fresh cold medium and assayed for 32p-R17 phage attachment as previous- 
ly described (e-e). 
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200 ml of SSC buffer, pH 8.5 + 10 mM urea and stirring the ‘solutiom for 
2 - 4 hours using a standard magnetic stirrer. The solution was then 
clarified by low speed centrifugation (7500 x g for 5 min) and concen- 
trated by ultrafiltration to 20 - 30 ml. This concentration oe was 
carried out using an Amicon 202 ultrafiltration unit (200 ml capacity) 
with an XM100 A filter (exclusion limit = 10° daltons) under a pressure 


of 20 psi of N, gas. The flow rate was approximately 80 ml/h. Over- 


2 
zealous stirring by the unit caused fragmentation of the F pili as 
visualized by electron microscopy. The relatively slow flow rate and 
the long exposure of the F pili to shearing forces in the unit made 
this procedure unacceptable for concentrating the F pili directly from 
the culture supernatant. 

The three F pili preparations were subjected to CsCl density 
gradient centrifugation as described in Materials and Methods. The F 
pili could be visualized as a thin opalescent band midway in the gradi- 
ent while other commonly found bands included a heavy band of cells 
and cellular debris at the bottom of the gradient, a light to heavy 
band of flagella at ae = 1.32 - 1.33 depending on the strain used 
(HB11 or ED2687 had no such band) and a light band of membrane materi- 

Se 5° : , 
adv atup = la20e-—u to 22,, A, band.2at.6 = 1.28 represented unidenti- 
fiable debris in varying amounts which was characteristic of F pili 
preparations. Small amounts of F pili were enmeshed in the material 
in these peaks and were discarded. Typical CsCl gradient profiles 
for each of the three precipitation procedures are shown in Figure 5A, 
D and —. The F pili consistently banded at “eee = 1.26 git ot 


should be noted that the other peaks in the profile are due to non- 


specific R17 phage retention on the filter by the material in the peaks 
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FIGURE 5. CsCl buoyant density gradient profiles of E. coli HB11 F 


pili prepared by various 


The CsCl Gradients were formed as des 


procedures. 


cribed in the text. The density 


at 5° (@-m) was calculated from the index of refraction (ne) yeaa 2e= 
R17 attachment assay (o-o) was performed on 10 ul of each fraction 
OF 25° mr) Wweth= bok 1011 32p-R17 particles/ml and a sample volume of 1.0 


ml using the filtration assay. 


The procedures used to concentrate the F pili are as follows. (A) acid 


precipitation at pH 4.0; 
liquid minimal medium; 


(B) 30% sucrose method using cells grown on 
(C) 30% sucrose method using cells grown on 


solid medium; (D) 30% (w/v) ammonium sulfate precipitation; (E) 5% 


PEG 6000, 0.5 N NaCl precipitation. 
discussed later. 


The 30% sucrose method will be 
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mentioned above. Electron micrographs of material taken from the F Dad 
peak and dialyzed against SSC buffer, pH 8.5, to remove CsCl are shown 
in Figure 6A and B. These pictures illustrate that preparations of F 
pili isolated from strain HB1l contain no other extracellular Pe re 
and that all the F pili are capable of attaching bacteriophage R17. 
Also they show the propensity of F pili to form huge ropes by aggrega- 
ting in a side-to-side manner and trapping bits of debris in these ag- 
gregates. Surprisingly, these large ropes of F pili constituted very 
little protein as measured by the Lowry procedure (Lowry et al., 1951), 
the preparations used to produce these electron micrographs containing 
1 - 10 ug/ml of protein. 

(b) Two phase polymer systems 

The principal difficulties in using precipitation methods with 
F pili are the low solubility of the precipitate and the need to use 
two low speed centrifugation steps, one to prepare the cell-free super- 
natant and one to harvest the precipitate. Since a typical purifica- 
tion procedure involved processing 60 litres of cells and since conti- 
nuous flow centrifugation using the centrifuge available at that time 
caused severe fragmentation of the pili, two centrifugation steps were 
considered highly undesirable. Thus an alternate method was sought in 
order to eliminate at least one of these centrifugation steps. One 
such system was the partitioning of the F pili in a two-phase polymer 
system as described by Albertsson (1960). Separate 50 ml aliquots of 
cell-free supernatant were thus treated with various amounts of poly- 
mer and/or salt as shown in Table 4. The resulting two phases were 
carefully separated from one another and diluted to 50 ml with fresh 


T™M + ea. Using a sample of the crude pili supernatant as the basis 


Lp aniwink fds Las? wearer ea; Peer ueeieie tk aa 
unniy) ato wike otin Ww devae hens * lt ls 


- 
sidan wade: aunt, aah We wna: 0 
as ead ah ahrealido” esha ctor | Mol ent WO pYtanas 
, BAe sehok SDE. te apo ae swsninineiat 
{* vhs, 24 +i uth: otk PvHO.! athe it tibhon yah 
(aha odyer: Ww yeig Poke ay Tees anny coy tivag nit deta wid 


3 pianos tee 
wnsgs ta iealunnbe je 
) ory) eae, Wey EE ea ae taht 
é . es statiningio aay oe “apt ten wl A 
oT a BID. Peete ae aS. es, goth ontnga ans i 


i 


ils wy aba.) Lace aapaceaath Hi tabepnd Ai 2 a whi 
. | f Bt 
$48 Ay ‘ebhiea> rc ee a Ge ha clnveiakdy nawioses ei 


wie Layit ae stinteswes seit Arn mule. ASN cleeceasa wot a 
jrew, eradn. eat yy) berets) agi ‘aha att Ya wor iaxepmgey? staves J 
ots aed While SN Aw, wit yabdeade shane | edotynit § 
LLL ele ah Thy’ Hamed rome in a jowal 4s sional : 
rears aehia+4) a ads \pae ind a venation edb oe 
ry atonal! det 4 Spnhilre’ J (DAES rain al | 
ving: as 49 arte spake aa’ o Ker aet! ann a 
pw SS 6A: ney giaiiens aut! 4 @lint ee a ue es 
“teee? isha), Ep ate Getp ct a yf ink ao ee hice vanee fo 


Land aff Tan tants, bir, que we 


vt in Par 
o>. a oe a ye) 
isa Wivrhe a 


i ee o 
Ve : 


i" 
_ 


FIGURE 6. Electron micrographs of F pili concentrated from cultures 
of Ex. colt HBL and £D2602., 


All specimens were negatively stained with 1% phosphotungstic acid pH 
7.0 for 20 sec. 


NG A 10 ug/ml solution of HB11 F pili prepared by ammonium sulfate 
precipitation showing "ropes" of F pili (X9000). 


B. A 1 ug/ml solution of HB11 F pili labelled with 1014 R17 particles/ 
ml of solution. The F pili were prepared by ammonium sulfate precipi- 
tation followed by CsCl density centrifugation (X9000). 


Ce A preparation of HB11 F pili with terminal “knobs" (Lawn and 
Meynell, 1970) caused by shearing the cells at high speeds for prolonged 
periods of time. These knobs represent either the base of the F pilus 
itself or cell wall material attached to the F pilus or the F pilus at 
an early stage of dissociation (X22,000). 


De A preparation of ED2602 F pili (1 ug/ml) labelled with 1012 R17 
particles/ml of solution, illustrating horseshoe-shaped vesicles found 
under certain conditions described in the text. 
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TABLE 4 


The Partition of Pili in Two-Phase Polymer Systems 


Inter- 
face 
ie b to 
Sys- Recov- Recov- Recov- 
tem Top Phase ered Bottom Phase ered ered 
eas eee ee Ae ee ee ee ee ae 
ii Zoe PEG 6000 Ze 3.0 g D2000 ZG 69.6 
Z 222.2 PEG 6000 0.6 Je Le D500 ees) 919 
3 3.0 g PEG 6000 es: flO SDD) y a ae BT as 
4 4.0 g PEG 4000 0.8 4,0 g D2000 6.8 PaaS) 
5 4.0 g PEG 4000 Ont 4.0 g D500 4.0 hess. 
6 4.0 g PEG 4000 Cees GeO) D7 O 4.6 94.8 
7 1.9 g PEG 6000 Ou7 3.3 ¢ NaDds o7.0 62.4 
+023 IM eNaclL 
8 2.0 g PEG 4000 Death 3.5 g NaDs 34.0 63.4 
+ Us M:Nacl 
9 4.6 g PEG 6000 9.0 6.0 g potassium LOZ. 0 eas 
phosphate 
10 4.4 g PEG 4000 Bde 6.65 g potassium 78.0 wa. 
phosphate 


Abbreviations: PEG -— polyethylene glycol; D - dextran; NaDs - 
sodium dextran sulfate. 


A crude F pili supernatant was divided into 50 ml portions and par- 
titioned by the above two-phase polymer systems as described in the 
text. The top and bottom phases as well as the interface were separ- 
ated from one another and diluted to 50 ml. Samples (0.5, 1.0 and 2.0 
ml) from each phase were assayed for 32p-R17 phage attachment using 
1011 particles/sample. This procedure was repeated for each system 
using water instead of the crude F pili preparation to determine the 
amount of non-specific attachment contributed by the polymers them- 
selves. This attachment was negligible after the filters had been 


washed with TMM + Mgt. 
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for comparison, a fadch phage attachment assay was done on 0.5, 1.0 
and 2.9 ml samples from each phase and the results are reported in terms 
of percent recovered from the crude supernatant (Table LOM 

The F pili were found concentrated at the interface a to a 
lesser degree in the bottom phase of systems 1 - 8. The polyethylene 
glycol-potassium phosphate systems had no precipitate at the interface. 
Systems 5, 6 and 9 were scaled up to 2 litres and the ratio of volume 
of the top phase to the volume of the bottom phase was adjusted to 10:1 
using the phase diagrams provided by Albertsson (1960). Again the re- 
sults were the same with the F pili concentrated at the interface and 
the bottom phase. Unfortunately, two-phase systems are practical only 
for concentrating small amounts of material because of the high cost 
for large volumes of supernatant. Attempts were also made to test the 
two-phase system (PEG 6000:potassium phosphate) for concentrating re- 
dissolved F pili precipitates as an alternative to ultrafiltration (see 
above section). However, because cellular debris partitioned into the 
same phase as the F pili and the two-phase method required additional 
steps to remove the polymer from the concentrated pilus solution, ul- 


trafiltration remained the method of choice for further work. 


(c) Sucrose-dependent procedures 


In 1971, Brinton stated that high-speed blending of cultures 
caused bits of the cell membrane to be torn off the cell along with the 
base of the F pilus. This would contribute to the problem of cellular 
debris contamination. He recommended that the cells be collected by 
centrifugation prior to blending, after which gentle stirring in 30% 
sucrose was supposed to achieve the removal of F pili from cells and 


promote solubility of F pili as well as prevent the readsorption of the 
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Pipi losthe celle.) “thevcells were pelleted by centrifugation and the 
sucrose was removed from the supernatant by extensive dialysis during 
the course of which the F pili aggregated into large ropes or "crystals" 
which could be pelleted by low speed centrifugation. This deans 
was found to be far less time-consuming than the precipitation methods. 
It also avoided a precipitation step which lowered the solubility of 
the F pili. Thus it was adopted for this investigation. 

Typically, a 15 litre culture of HB1l similar to the one previ- 
ously described was treated with formaldehyde and chilled in ice water. 
The cells were harvested by low speed centrifugation and the superna- 
tant was discarded. The cells were resuspended in 200 ml of 30% suc- 
rose in SSC buffer, pH 8.5, and gently stirred using a Fisher magnetic 
stirrer overnight in the cold. The cells were removed by centrifuga- 
tion at 10000 x g for 20 min to give a translucent supernatant. The 
supernatant, containing the F pili, was dialyzed for 96 h against SSC 
buffer, pH 8.5, with frequent buffer changes which caused the F pili to 
form large ropes. These ropes of F pili were pelleted by low speed 
Pentratucation.at, 2/000. x ¢.for.d h. The pili were re-dissolved in 
27 ml of SSC buffer, pH 8.5, and banded on a CsCl gradient as previous- 
ly described. The CsCl gradient profile is shown in Figure 5B. This 
procedure resulted in the best yields of F pili achieved up to that 
time (0.5 - 1.0 mg from 15 litres of culture) and was generally an im- 
provement in time and effort required. 

However, since Fe cells grown on solid media (TSB agar) produced 
an equivalent number of F pili/cell as cells grown in liquid media, it 


seemed feasible to harvest cells from large sheets of agar and thus en- 


tirely eliminate the tedious steps of blending the cells and centrifuging 


large volumes of culture. 
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Briefly, sterile aluminum trays (27 x 38 x 1.25 cm) containing ap- 
proximately 1 cm of TSB agar (350 ml) were spread with 10 ml of a cul- 
Rice Ob Hii celts HG 51x 10° cells/ml) grown in TSB broth. The trays 
were covered and incubated at 37°C for 18 h. The cells were hah hy 
off the surface of the agar with a 10 cm putty knife and resuspended in 
Oo stucrose in SsC butfer,) pH 8.5. Routinely, 36 trays were prepared 
each time, usually three times per week. Thirty-six trays yielded ap- 
proximately 250 g (wet weight) of cells which was approximately the 
equivalent of 6 carboys containing 15 litres of cells at 1 x 10° cells/ 
ml. The cells, suspended in 500 ml of 30% sucrose, were passed through 
a fine sieve to remove bits of agar and were stirred with a magnetic 
stirrer overnight in the cold. The cells were removed by centrifuga- 
tion and the supernatant was handled as previously described for F pili 
separated from cells grown in liquid culture (see Figure 5C). 

The disconcerting production of horseshoe-shaped vesicles (see 
Figure 6D) by cells carrying the plasmid JCFLO (e.g. ED2602 and ED2687) 
was thought to be due to the disintegration of the F pili during sta- 
tionary phase when the cells were grown on solid media. These vesicles, 
while incapable of R17 phage attachment, behaved identically to F pili 
in CsCl density gradients, isoelectric focusing and SDS gel electro- 
phoresis (to be described in the next chapter). This was the only dis- 
advantage to a system which was far simpler to use than any other de- 
scribed here. 

With the exception of acid precipitation, the yield of F pili 
from the procedures reported in Figure 5 was approximately 0.3 - 0.5 
mg from 15 litres of culture (40 g (wet weight) of cells) as deter- 


mined by the Lowry assay for protein (Lowry et al., 190s) eld 
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Precipitation of PF pili at’ pH ne OM care only 100 ug of protein from a 
similar volume of culture. As seen in Figure 7, electropherograms of 
SDS polyacrylamide gels of END2687 F pili concentrated using the 30% suc- 
rose method reveal that the preparation is contaminated with high mole- 
cular weight material that is largely removed by a CsCl density gradient 
step. The double peak at 2 - 3 cm was characteristic of the contamina- 
tion in F pili preparations. Comparing the amount of eee RIT phage at- 
tachment in the whole purified F pilus preparation using the filtration 
assay to the attachment capacity for the total volume of culture super- 
natant prior to the purification procedure, only 30 - 40% of the total 
R17 phage attachment capacity was recovered in the purified F pili. 
While the amount of protein was quite similar regardless of procedure, 
the amount of carbohydrate material in these preparations as indicated 
by the orcinol colorimetric assay (Ashwell, 1957) varied enormously de- 
depending on the procedure used. Figure 8 shows a composite of several 
paper chromatograms, comparing the sugar content of F pili concentrates 
prepared by the procedures described above. One to 2 mg of protein 


was hydrolyzed in 2 N HNO, in a boiling water bath for five hours. 


3 
The hydrolysate was dried in an oven at 110°C and was resuspended in 
0.1 ml of 50% ethanol. The sample was applied with a 5 ul micropi- 
pette at the origin located 10 cm from one end of a sheet of Whatman 
LM paper, 234% 56! cm. Standard sugars (25 ug) were also applied 
adjacent to the hydrolysate. The chromatogram was then subjected to 
liquid chromatography as described in Materials and Methods. It may 

be seen that the F pili prepared by acid precipitation contained a wide 


assortment of sugars as described by Donelian (1972). The other proce- 


dures were an improvement over the acid precipitation procedure in terms 
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FIGURE 7. Electropherograms of 
SDS polyacrylamide 
gels of (EF .V COhiAED26507 
pilin: 


SDS polyacrylamide disc gel elect- 
rophoresis was performed using 

30 ug of protein taken from a pre- 
paration of ED2687 F pili before 
(top panel) and after (bottom pan- 
el) CsCl density centrifugation. 
The gels were overloaded with F 
pili in order to visualize the 
heavier molecular weight bands in 
the gels. The stained gels were 
scanned at 600 nm using a Gilford 
recording spectrophotometer with 

a gel scanning attachment. 
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FIGURE 8. Paper chromatogram of carbohydrate material found in vari- 
ous F pilus preparations. 


The relative mobilities of each spot were calculated with respect to 
rhamnose. The standard compounds in positions G and H represent 15 ug 
of material each: (1) rhamnose; (2) 3,1-dideoxyglucose; (3) ribose; 
(4) N-acetylglucosamine; (5) 3-deoxyglucose; (6) arabinose; (7) glu- 
cose; (8) galactose; (9) glucosamine; (10) galactosamine; (11) lac- 
tose. The unusual sugars were the gift of Dr. R.U. Lemieux. The pili 
preparations containing 1 - 2 mg of protein were purified as follows: 


A, acid precipitation, 0174.0; B, ammonium sulfate precipitation; 
C, PEG 6000, 70.5 N: NaGl precipitation; D, 30% sucrose method liquid 
culture medium; E, 30% sucrose, solid culture medium; Foy heey oe 


"pili" preparation. 
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of removing carbohydrate contamination. The F pili prepared without 
Prenein?. 1.6. by Stirring, in Sucrose, gave no spots other than 

glucose and some faint trailing from the origin indicating that blend- 
ing may give rise to membrane material, the most likely source of car- 
bohydrate contamination. Characteristically late-developing spots, 
first noted by Donelian (1972), were identified as deoxy- and dideoxy- 
hexose compounds, components of the E. coli membrane. The only sugar 
present in all hydrolysates was D-glucose in a ratio of 1 - 2 molecules 
of D-glucose/F pilin subunit, using the size of the spot to estimate 
the amount of glucose present and based on a molecular mass’ for F pi- 
lin of 12,000 daltons. A preparation of "F pili" using HBll F cells 
and acid precipitation at pH 4.0, contained the deoxy- and dideoxy- 
Sugars, and an unidentified pentose but had a less intense glucose spot 


a ; 
(<5 ug compared to 10 - 20 ug for F preparations). 


C. CONCLUSION 


On the basis of the foregoing studies, it has been found that the 
purification of F pili can be accomplished most easily by removing the 
pili from a concentrated solution of cells in the presence of 30% suc- 


rose. This minimizes the amount of cellular and membrane debris in the 


F pilus preparation. After removal of the cells by centrifugation, and 


the sucrose by dialysis, the F pili can be pelleted and further purified 


by CsCl gradient centrifugation. The yield was found to be 1 — 2 mg of 


F pili per 100 g wet weight of cells for the bacterial strains used 


here (HB11, ED2687). 
This is essentially the method reported by Minkley et al. (1976) 


who obtained 5 mg of pure F pili from 24-litres.of culture... Their hich 
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er yield can be attributed to their use of a slightly multi-piliated 
traD mutant bacterial strain. Date et al. (1978) also used essentially 
this same method but included a 25 - 70% (w/v) sucrose gradient step 
prior to CsCl gradient centrifugation. Their yield of 1.5 -— 2.0 mgiof 
F pili from 67 g (wet weight) is similar to the findings in this inves- 
tigation. Also, they used a solid medium to culture their cells and 
achieved yields of F pili comparable to that of workers using liquid 
media. 

The sucrose-based method is also useful in the purification of other 
types of pili. Besides using it in the purification of P. aeruginosa 
K pili (see Chapter V and VI) it has been used in the purification of 
pili from N. gonorrhoeae (Robertson et al., 1977). Two other reports 
on amino acid composition and N-terminal sequence of pilin used blended 
cells followed by precipitation with methanol in the cold (M. nonlique- 
faciens pili, Fr¢éholm and Sletten, 1977) or ammonium sulfate (10% sat- 
uration) precipitation (N. gonorrhoeae, Hermodson et al., 1978). 

Thus while several methods including that of Beard et al. (1972b), 


which used ultrafiltration and isoelectric focusing to concentrate and 


purify F-type R pili, have been used successfully to prepare relative- 
ly pure F pili, the yield of F pili using any of the bacterial strains 
studied to date is always fairly small, ranging from 1 - 5 mg of pure 
material from approximately 40 - 60 g of cells (wet weight). 

Several pitfalls in the purification of pili should be mentioned 
at this time. Firstly, blending cells to remove the pili contributes 
to the presence of vesicle-like material in the preparation. This is 
most likely derived from the membrane of the cell. Stirring the cells 


in 30% sucrose gave the least amount of this contamination as determined 


A a 4 
i 
é 
fy 
by 
‘ 
a 
i 
\ 
* 
4 foe 
i 
7 
i ‘ 1 & , 
{ 
} 
oes 
pet 
th ? 
r 
} 
‘i ie yn 
4i oa | red A 
4 ole 
; omg 
v 7, 
os r “ sfG@od 
: ‘1 


ri Tle 7 oor a > 


op ¢itoleepagnn tae fan 


Me vil we mone 


paw 4 ‘ap aie 


Bd : 
‘ ’ ir » ‘ : 4 au 
i 7 
ay gs 


‘4 7 a | 
ive a aa ui oe as nag. rw 
« iy : ry tA Aa eh i) a ” z Ry ad 4 i 7 
j aq ad ity \ > . : ve@ 
ai ? 2 oe i iA mies - ” at nie adi ee ‘ is a 
\ ie " ‘ b Ve bis caf hs iG, p Zyl r : é A, f 
Ty ute et ads ts Kru nid TAME 
aa a : na at 
mite. ms } ae: wane a *' 4, 20 ebaee 
} re 2) a us ¢ ’ why 7 be <4 4m we ; 
fai Nig) Sar 7 08 pic ive? ais i ‘a bettas 4 Se f. 
¥ VAM ; 2 : , yy ve : 7 
Epa ke OR eR 
ny : “ id eg ge .< 5 a 
y 2 ; Ae oe | were? I ie n. ‘ie iO 05 
2 oI , ay \ “ “Wi LY i iy, 
a Sheen us ate if 
aS yl Techs WE t -" } 
ba Ly a ‘ 
; . - ‘ yy 
af sj , & ‘ ¥ 
, a 
5 ’ Be - , ri a hea og 
i 
2 x 
je Ps 
ny CQ “OF ba a | 
id / 7 ’ q es lhe os mA 
ny ; ¥ 
i ee r fei} mn ie prs 
i ty ae i 4 
’ 4 ‘ y sy hie fod ft < nw 
¥ ‘ pale 
1) eae al ee : 
: pit 403 9 | ‘iy o reat vr ; 
Weep Be yee Wat 
d a fore dig ia 
- ' " stab ip ve mw 3s deh Nate wes 
, Ny 
AS i; ; i ' #4 7 le nf ; oa Ay AT v 
b tiv EVAR TAY rede OC. Coes 
fi ad ae vt 
+ +. f nV a 8. a 1 * 


“et er yety eh rer i ir ae int? . Wiel 
al", etre . 4 Y 
f t A os ely re _ er hodla pare | 
a, 
if DAY iy ny. 


yD ire M 7. Ney, 15 iy wie 
inst coal sewer ‘pital’ 


.. ss 


poe a oha ‘ wilt we ») we pat ni 4 Lier 
; Fad Fi 
i ua <i na Dues 


=e Yi 
CAT 


ie: Se anne wir Pale 


1s gio = 


: aah Ti Pane 


ail ¥ 


by electron microscopy and carbohydrate analysis. 

Growing the cells on solid medium in large pans can be used to give 
good yields of pili if care is taken to maintain the temperature of the 
pans of agar at 37° after they have been inoculated with the seme, 
Also, to prevent the disintegration of the F pili into small vesicle- 
shaped fragments, the cells must not be allowed to remain in station- 
ary phase too long. Treating the cultures with formaldehyde and chill- 
ing them as quickly as possible seems to help maintain the levels of F 
pili in the culture. Allowing the cells to cool to room temperature 
without poisoning them results in F pilus loss as noted by Novotny and 
Lavin (1971). 

Precipitation of the F pili to effect concentration from the medi- 
um, during the purification procedure, leads to a rather insoluble pre- 
cipitate. The precipitating agents tried by this author resulted in 
the co-precipitation with the F pili of large amounts of carbohydrate 
and protein material which were extremely difficult to separate from the 
F pili. This occurred regardless of whether a rich or synthetic medium 
was used although broth contributed much more of this material than syn- 
thetic medium. This problem had been noted previously by Brinton and 
Beer (1967), Valentine et al. (1969) and Donelian (1972)... Finaldy, 
while CsCl density centrifugation was a valuable tool for separating 
F pili from cellular debris, long-term exposure of the F pili to CsCl 
caused a loss of pilus material. This had previously been noted by 
Valentine etal. (1969). Because of this, a maximum of one CsCl gradi-~ 
ent was employed in the purification of F pili in the latter stages of 


this investigation. Sucrose gradients and Cs,S0, density gradients are 


now used extensively in this lab to avoid unnecessary loss of material. 
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ihe small amounts: of F pili’in a bacterial culttre have been the 

biggest obstacle to significant advances in the study of the chemistry 
of F pili. While interest has been high for over a decade and the ca- 
pability to purify F pili sufficiently has been known for at Tne five 
years, preliminary reports of chemical studies on F pili have only re- 
eeictly been tovappear in “the literature (Date et ale, 1978). 9 No rem 
ports have yet appeared in which amino acid sequence data are re, 
presumably because amino acid sequence studies require substantial a- 
mounts of material, i.e., approximately 109 - 200 mg would be required 
to establish the complete sequence of a protein such as F pilin. Since 
nearly 3000 litres of culture would be required to produce this amount 
of F pili and because this volume of cells would be both costly and 


time-consuming to process, progress has been very slow. 
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CHAPTER IV 


PHYSICOCHEMICAL PROPERTIES OF F PILI 


A. INTRODUCTION 

While the ultimate objective of a chemical analysis of F pili was 
never reached, several physical and chemical properties of F pili were 
studied including the buoyant density in CsCl, the isoelectric point, 
the molecular weight as determined by SDS disc gel electrophoresis, and 
the carbohydrate content as discussed in the previous chapter. In addi- 
tion, F pili were successfully labelled with Nas and mies and evidence 
that F pili contain a covalently-linked phosphate group was obtained. 

The studies presented here used END2687 or HB11l F pili isolated from 


cells grown on trays of agar as described in Chapter III. 


B. RESULTS AND DISCUSSION 
1. CsCl buoyant density gradient centrifugation 

The density of F pili in CsCl density gradients appears to vary 
depending on the plasmid and/or the host-strain used to produce the F 
pili (Beard, cited by Tomoeda et al., 1975). The density of F pili has 
been determined as 1.257 (Brinton, 1971), 1.296 (Beard et al., 1972a), 
1.197 (Wendt et al., 1966) and 1.232 (Tomoeda et al.; 1975, Date et al. 
1978), while F-like R pili have a density of 1.31 (Beard et al., 1972a) 
and gonococcal pili from N. gonorrhoeae have a density of 1.30 to 1.31 
(Robertson et al., 1977). 

Beard (1973) has reported that F pili specified by two indepen- 
dently maintained Flac plasmids in two strains of E.coli Ki2 induced 


"heavy" (p = 1.296) and "light" (p = 1.257) F pili in another strain. 
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He also found that one Flac plasmid produced small amounts of pili at 
the alternate density while the other plasmid did not. 

Essentially similar findings were found by this author for F 
pili derived from three different F plasmids and F-like R ene from 
three different R plasmids. These results are presented in Figure 9. 

It may be seen that F pili encoded by the F plasmid, HBFLO, 
banded in CsCl at a density of 1.26 nen while the plasmid JCFLO 
produced F pili which banded predominantly at 1.26 but also contained 
a small amount of material which banded at density 1.30. Neither the 
host strain (ED2601 for ED2602 and ED2612 or HB11 F for ED2687) nor a 
traD8 mutation in JCFLO (ED2612) altered this general distribution of 
Ppitg in the eradient. The F plasmid UBFLO (E. coli Ki2Z, strain 
UB1105), used by Beard in his studies (Beard et al., 1972a) and kindly 
donated by him for comparison to the other F plasmids, gave a single 
band at density 1.30. The derepressed F plasmids R1O0-1, R1-19 and 
R538-1 in host strain ED2601 (ED2603, ED2604 and WP128) gave only "heavy" 
pili at a density of 1.31 which is in accordance with Beard‘s findings. 
All bands of pili were re-banded in CsCl and were found at the same 
density as in the original CsCl gradient. 

The small amount of material at the higher density (1.30) may 
represent a modified version, in vivo, of the lighter F pili, or it 
may be an artifact caused by the presence of CsCl. 

2, Isoelectric focusing of F pill 

The previously reported isoelectric point values for pili in- 
elude oH 4.15 for F pili (Brinton, 1971), pH 3.5 for, F-iike Ri pili 
(Beard et al., 1972b), pH 3.9 for type Li pili (rinton, (1965) andor 


4.9 and 5.3 for gonococcal pili (Robertson et al., 1977). 
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FIGURE 9. Profiles of CsCl gradients of F pili isolated from eight 
different strains of E. coli. 


The F pili produced by each strain was purified from cells (approxi- 
mately 125 g (wet weight)) followed by treatment with 30% sucrose to 
separate the F pili from the cells. The conditions for CsCl isopycnic 
centrifugation are described in Chapter II. A 50 ul sample from each 
fraction of the CsCl gradient was assayed for 32P-R17 phage attachment 
using the filtration assay (A-A). Density of CsCl solution (e-e). 

ED2602 = JCFLO/ED2601; JC6449 - JCFLtraD8/JD3272; -ED2612 = JCFLtraD8/ 
ED2601; ED2687 -— JCFLO/HB11 F7; UB1105 = UBFLO/UB1025 F ; WP128 = 
R538-1/HB11 F ; ED2603 = R100-1/ED2601; ED2604 = R1-19/ED2601. 
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F pili, purified by two rounds of CsCl density centrifugation, 
were dialyzed exhaustively against 17% glycine (w/v). The procedure for 
isoelectric focusing (Vesterberg and Svensson, 1966; Beard et al.., 
1972b) is described in Materials and Methods. The column (110 ml LKB 
8101 column) contained 2 mg of protein and 5% ampholyte (LKB ampholine) 
pH range 3.5 - 10. 

A voltage of 350 volts (10 ma) was applied for 24 hours at 
which time the current had dropped to <2 ma. The bands were sharpened 
by increasing the voltage to 450 volts for five hours or until the 
bands were distinct. 

Two strains were used to give the pI of F pili, HB11 and 
ED2687 (Figure 10). The presence of F pili was assayed by 325 R17 
phage attachment and EM visualization. The pI of ED2687 pili was pH 
fvoown. le HBL F pili had a pl of 3.9. Secondary peaks at pH 4.8 and 
6.4 in the ED2687 pH gradient contained small amounts of F pili but 
were predominantly vesicle-like material. SDS-polyacrylamide gel e- 
lectrophoresis of material from the major peak at pH 3.9 or 4.0 re- 
vealed that high molecular weight contaminants had co-banded with the 
F pili. Thus isoelectric focusing was not effective in reducing con- 
tamination. Similar results have recently been published by Date et 
al, (1978). 

3. SDS-Polyacrylamide gel electrophoresis 

The molecular weight for pilin, the subunit of pili, has been 
reported on the basis of SDS gel electrophoresis to be 11,800 for F pi- 
li (Brinton, 1971; Date et al., 1978), 12,500 for F-like R pili (Beard 
and Connally, 1974), 17,009 for type 1 pili (Brinton, 1965) and 18,000 


to 20,000 for gonococcal pili from several strains (Robertson et al., 


nd tone tea Eh pray * . 
Yen . a yiieet . }, a oy 


bis ad Fol ivy i mie . Vy 


te kek CY tated Gerke etiek agit a ie “ bi meas 
Lots A) rt Cigae SS Gan mie Wine t <a 

A i le Ere 2 
Tr ee, i an s hte gee Be Reale “a 
uts-o ua sonal ee ch Bag fh ro sou tay bain | 
do Eis 29. bw on iol eriay one naleibias sais abe 
Spates’ cis 

Seen ‘avi OX Halas. hd natty wt 

wt, baeekee ue EE te Kote, Sit “it 

we Didy, THES Po tp he teary (oe fig 


6 vieoy Yi tuwtieee, < oe a0” te * fe, ae sai 


ie 
twit Lhig © do ace : Cae ban rire ite aye i, 

y Leg shinny een gil “oie shea aban ; 

cz ye ‘nh as lay ag bane Felcagadl hea eae | 

te he udaaved how vctiawit a Day sie boo For Sg icele 

Lakaubert 9! eehgpatte Aor etal gieiaynel inti ilit apat 

sua) fviee hiew ove, Uiaeeaga eee ePRRaN a feseirers =) 

ie: 

hasan fea lan -a * 


net $09 . £024 a Beene nis spats ae bight Mikaculog eff: ft ; on 


14 vB GON: ED) ob a8 atmegaings ines tos Yor deed wat aaereae a 

timely den Mh with Sale aes ORAS aretha gee area ee ane ee 

Ow) tia (heed on-set) + cL: mes yo! (09,V1 so  hieneas teh 
Jo webs tev ahinimn-leperee esx) 2hig lassoraog stud 


CPM x 10-4 


°) 


ED2687 


pH AT 20° (ce 


on 
(c—s) 32P-R17 ATTACHMENT 


10 20 30 40 50 60 70 80 90 100 
FRACTION NUMBER 


FIGURE 10. isoelectric, focusing of, 2. J/coli,HBlI and En2687, Fonitt. 


A 1.5 - 2.0 mg of F pilus material was banded in a 110 ml linear su- 
crose gradient containing 2% ampholytes (w/v) pH range 3.5 to 10 at 

10° with an average voltage of 400 V as described in Chapter II. A 

50 ul portion of each fraction was assayed for 32p_R17 phage attach- 
ment using the filtration assay (G-0). pH (e-e). 
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1977). 

SDS polyacrylamide gel electrophoresis was performed according 
to the method of Weber and Osborne (1969) and the gels were stained 
using a modified procedure of Fairbanks et al. (1971), as described in 


Materials and Methods. 


Using the standards listed in Figure 1] to construct a curve 
relating relative mobility to molecular weight, the molecular weight 
was calculated as 11,900 +400 and was the same for F pili derived from 
HB11, ED2687 and the F-type R plasmid R1-19 (12,500). 

4. Studies with radioactively-labelled F pili 

Brinton (1971) has reported that one F pilin monomer contains 
one molecule of D-glucose and two phosphate groups covalently linked to 
the pilin protein. Beard and Connally (1974) have stated that Rldrdl19 
pilin contains one each of glucosamine and galactose as well as one 
molecule of D-glucose and two phosphate groups. Date et al. (1978) 
have also detected carbohydate and phosphate in F pili. Robertson et 
al. (1977) have shown that gonococcal pili also contain 1 - 2 phosphate 
groups, galactose and some glucose depending on the strain of N. gono- 
coccus being studied. Several studies (Brinton, 1971; Donelian, 1972; 
Beard et al., 1972b; Robertson et al., 1977) have shown that pili con- 
tain no lipid nor nucleic acid material. 

A study employing radioactive operated F pili was under- 
taken to determine whether the phosphate was covalently bound to the 
F pilin or was merely a contaminant arising from membrane debris. 
ao velahetied F pili were prepared as follows. One liter of 
lacCTMM + aa containing one tenth the usual amount of phosphate 


a 


(0.5 pM Na HPO, ) plus 10 mCi P (as carrier-free phosphoric 
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FIGURE 11. Molecular weight determination of F pilin from E. coli 
HB11 and ED2687 using SDS polyacrylamide gel electrophore- 
sis. 


SDS disc gel electrophoresis was performed according to the method of 
Weber and Osborn (1969). A 10-15 ug amount of standard protein or F 
pilin was run on a 10 cm gel containing 12.5% acrylamide, 0.34% N,N'- 
methylenebisacrylamide in 0.05 M sodium phosphate buffer, pH 7.2, 0.12% 
SDS, at 5 ma/gel until the marker dye had migrated 8 cm down the gel. 
The molecular weight of the standards was taken as that reported by 
Weber and Osborn (1969). The R1-19 pili (MW = 12,000) was kindly 
donated by Dr. J.P. Beard. 
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acid in water, neutralized with 0.1 N NaOH) was pre-warmed to 37° and 
inoculated with 10 ml of fresh standing overnight culture of ED2687 
grown to 0.4 Acca units in reduced phosphate minimal medium. The cube 
ture was grown in a Brunswick shaking water bath to 1 x 10° cells/ml 
Gly Meg units). The culture was treated with 4.0 ml of formalin, 
chilled in ice water and the cells were removed by low speed centrifu- 
gation at 10000 x g for one hour. The cells were resuspended in 30 ml 
of 30% sucrose in SSC buffer, pH 8.5, and then gently stirred for three 
hours in the cold. The cells were removed by low speed centrifugation 
at 10000 x g for 15 min and the supernatant was dialyzed for three days 
meeitaro Sli tres SoC buffer, pH 8.5. The F pili were pelleted at 
27,000 x g for 90 min and the pellet was resuspended in 4.5 ml of SSC 
buffer, pH 8.5. The pili were banded at zal ev 26 aie inom CsCl 
gradient and 50 ul from each fraction of the gradient was assayed for 
R17 phage attachment using ste euanosine Revs 


The profile of this CsCi’gradient is given in Figure 127A. In 
32, 


addition to the large F pili peak at ei =“. 20 len labelled with 
5° 
the characteristic smaller pili peak at 0 = 1.30 rena was also lab- 


elled with Soe The presence of F pili at these densities was confirm- 
ed by electron microscopy. 
, 32 a 3 
The possibility existed that the ~“P found at p = 1.26 g/cm 
(see Figure 12A) was associated with cellular or membrane material which 
: ts 3 
had co-banded with the F pili. To examine this possibility, H-label- 


led R17 was attached to F pili labelled with Seas and these complexes 


were banded in a CsCl density gradient. R17 particles, by themselves, 


° ° 


' ay 5 
band at a = 1.44 pie (Krahn et al., 1970) while F pili band at p 


e126 ia. R17 -F pili complexes band at an intermediate density 
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FIGURE, 12. CsCl density gradients of E. coli ED2687 F pili labelled 
with radioactive 32P or 35S, 


(A) 32p-labelled F pili banded in a CsCl gradient (-o). 

(B) 35S-labelled F pili in a CsCl gradient (0-0). 

A 50 ul sample of each fraction was assayed for R17 phage attachment 
using 34-guanosine-labelled R17 (A-A). 
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Pecramet cal, 1972). P-associated with the F pili should band at 
the intermediate density while Ts associated with cellular or membrane 


fe) 


debris should band at the top of the gradient at ae SWIG oe A 


sample containing 0.2 ml of pts tad F pili «5000 cpm) and. 1. iicot 


34y-G-R17 (50,000 cpm/7.0 x ‘Nama Eee previously incubated in the presence 
of 5 mM MgC1., and fixed with 17 formaldehyde was banded in a CsCl egra- 
dient (median density 1.38 aren) containing 5 mM MgCl. as previously 
described. A100 yl portion of each fraction was assayed for 34 and as 
radioactivity and the appropriate corrections for overflow were made as 
described in Chapter II. Identical CsCl gradients were run containing 
only ea olabetled Fo p21 1, or attabedjed R17. The remaining portion of 
each fraction was used to establish its density at 5°. The contents 
of each peak were visualized by electron microscopy. The results are 
given in Figure 13A, R17-F pilus complexes were found at a = 1.42 
ates while free R17 banded at 1.44 ae and free F pili floated at 
the top of the gradient. A small portion of the 4p counts (10%) was 
found at the top of the gradient, unassociated with oa Ray: Since very 
little F pilus material was found at the latter position, this peak was 
taken to represent either low density cellular debris, free as or dis- 
sociated pili. 

Similarly, identical samples of either Poe pili complexed with 
34-R17 or free taper pili or free 3y-R17 were layered on a 5.0 ml 5 - 


20% (w/v) continuous sucrose gradient in SSC, pH 8.5, containing 5 mM 


MgCl,. The gradient was centrifuged at 45,000 rpm in a SW 50.1 rotor at 


5° for 60 min and fractions were collected as previously described. 


3 32 : ee 
The fractions were assayed for “H and P radioactivity and the nature 


of the peaks in each gradient was checked using electron microscopy. 
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FIGURE 13. CsCl and sucrose gradients of 32p-labelled F pili com- 
plexed with 3H-guanosine R17. 


(A) A composite of three different CsCl density gradients. One (G-D) 
contained only 3H-guanosine R17, one contained only 32P-labelled F pi- 
li (o-o) while a third contained a previously incubated mixture of 32p- 
F pili and 3H-guanosine R17. The 32P cpm are represented as closed 
squares (™-m), while the 3H cpm are closed triangles (A-A). 


(B) A composite of three different sucrose sedimentation velocity 
gradients containing the same samples as in (A). The symbols for both 
types of gradients are the same. 
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The results are shown in Figure 13B. Only half of the cP counts de- 


; 22 
rived from the P-labelled F pili previously incubated with FH-RLT 
was found associated with a peak representing R17-F pilus complexes. 
The other half of these counts was found in a peak co-banding with free 
jos a2 
Yepili.. No P counts were found in any peaks other than those repre- 
senting free F pili or F pili associated with R17 particles. This 
SZ ; ; 
suggested that the P was covalently linked to the F pilus molecule. 
Further evidence from SDS-polyacrylamide gel electrophoresis of 


sore Tabelted F pili supported this conclusion. A sample containing 


1 Boe 10° cpm ree en (8 x Rely p/sample) and 2 x 10° cpm SoE belied 
F pili was run on a 12.5% polyacrylamide gel and stained with Coomassie 
blue as described in Chapter II. Other samples containing only Grease 
Ris Or ear lavelled F pili were also run on separate gels. The posi- 


tions of the R17 coat protein and A protein as well as the F pilin pro- 


tein were measured relative to the dye front which had travelled 6 cm 


down the gel (7.5 cm total length). 


The gels were sliced into 2 mm sections and were incubated in 


1 ml of 157 NH, OH in covered vials at 37° for 24 hours. The NH, OH was 


evaporated in a 60°C oven placed in a fume hood and the samples were 
counted in 5.0 ml Bray's scintillation fluid. 
; oe s) pik , i li A 
A graph relating P or “H cpm to-position in the gel is given 
im Figure J4. ‘(The ha radioactivity was found exclusively at a posi- 


tion in the gel consistent with a molecular weight of 12,000, the mole- 


cular weight of F pilin. 
The 7 PV abelied F pili were used in the estimation of the num- 


ber of phosphate groups per F pilin monomer. The specific activity of 


the 325 in the F pilus preparation was calculated by determining the 
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FIGURE 14. SDS polyacrylamide gel electrophoresis of 32p and 35s- 
labelled F pili. 


Gels containing 2 x 103 cpm of 32p or 35g-labelled F pili derived from 
E. coli ED2687 or 2 x 104 cpm of R17 labelled with a 3H-amino acid 
mixture were sliced into 2 mm sections (for a total of 30 sections) 

and assayed for radioactivity as described in the text. The molecular 
weight of the radioactive species in the gels was estimated using stan- 
dards as described in Figure 11. 


94 


o-Ol X WdO 


0) Soc (2—0) dao 


(0 


Sm 


HAGWNN JOS 


_0¢ ; Ol 


D— Ona nel a) — {af ire ref ace fmm Pm SFY ef Free peck 
. 


SAY 


V 


{ 


V 


(7) Ho o-Ol X Wdod 


tA ts 
Aes 


we ow rs naira 


DA 


Vp, 3 ie’ a pe’ ice ae ee 
ok *tisdh, bil WS aac Me 
a ery eer wee 4. 
oe tes Kay a cegh hang hy ear "dt: 
eileen Cw ale eke “ weilnn 


a ae 


ryt 


concentration of phosphate in the medium and relating this: tothe re 


cpm for 1.9 ml of medium. This gave a specific activity of ier cpm/ 

mole of phosphate. Using the relationship of ile cpm/yg of ae pilin 
as estimated from the intensity of the band stained with ee teens blue, 
there is approximately 2 - 2.5 phosphate groups per molecule of F pilin 


which is in accordance with values determined by other 


workers. 


Radioactivity was used to determine whether phosphate-contain- 
ing contaminants could be effectively separated from F pili using the 
purification procedure described for ce abel ied Fo pili. cine this: ex- 
periment a one-litre culture of HB1l F cells grown in glucose CTMM + 


aae+ i> mC, of a: (H 3356 in water neutralized with 0.1 N NaOH) was 


is 4 
mixed with a one-litre culture of ED2687 containing 5 mCi of ae The 


F pili were purified using the 30% sucrose method to remove the F pili 


from the cells. After the cells were removed by centrifugation and the 


sucrose dialyzed away, the ae and done labelled material was pelleted 


and banded on a CsCl density gradient. A 50 ul portion of each frac- 
tion from the CsCl gradient was assayed for ote and =P radioactivity 


as well as for R17 phage attachment using 107" 3H-G-R17 particles/ 


5 ; Ae 
sample. As may be seen in Figure’ 15, all of the P radioactivity de- 
rived from the F culture was found at the bottom of the gradient with 
contaminating cells. Assuming that this method of purification could 
give rise to as much cellular debris and membrane contaminants in the 

a ap x 
F culture as the F culture, it can then be concluded that very 
few phosphate-containing contaminants are present in F pili prepara- 


tions. The vesicle-like material found in some F pili preparations 


probably does not contain cell-associated phosphate. 
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FIGURE 15. Separation of F pili preparations from F cellular debris. 


A CsCl density gradient of F pili prepared from a liquid culture of 
32P-labelled ED2687 cells mixed with an equal volume of HB1l F~ cells 
labelled with 33P was performed as described in the text. Each frac- 
tion was assayed for 33p (A-A) and 32p (o-o) radioactivity as well as 
3H-guanosine R17 phage attachment using the filtration assay (A-A). 
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It should also be noted that F pili can be easily labelled with 
G coaethienine (New England Nuclear Corp.). A 100 ml volume of glucose 
CTMM-aa was inoculated with ED2687 and 1.25 mCi o> esharnioniie (0.1 mM) 
was added at the time of inoculation. The “2588 pili were murkties as 
described previously and banded on a CsCl isopycnic density gradient 
(Figure 12B). Two sharp peaks at a ="1,26 and 1.30 (ene were ob- 
tained and the presence of F pili was checked by electron microscopy. 
This method gave 228 -dabel ied pili with a specific activity of 500 cpm/ 
ug of F pili. This labelled F pili was used to confirm the position 


of the e2Pedaballed F pili in SDS-polyacrylamide gels (see Figure 14). 


G>- «CONCLUSION 

In 1971, Brinton described in a review article the amino acid compo- 
sition, carbohydrate and phosphate content of F pilin. Except for the 
protocol for his purification procedure for F pili published five years 
later (Minkley et al., 1976), no methodology for this data has been re- 
ported to date. In 1972, Beard, Howe and Richmond published a differ- 
ent purification procedure for F-type R pili but insufficient amounts 
of pure F pili material discouraged them from proceeding with a detail- 
ed chemical analysis. 

Brinton's findings, reported in 1971, have very recently been 
corroborated by Date, Inuzuka and Tomoeda (1978). Thus it has taken 
seven years for the preliminary chemical and physical characteristics 
of F pili to be established. Brinton has not continued with the chemi- 
cal analysis of F pili and whether Date et al. will continue is yet to 


be seen. 


The results of our investigations which were completed in 1974 
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confirmed Brinton's findings in 1971. Namely, F pili had one prin- 
cipal subunit, F pilin, of molecular weight 11,909, which contained 
small amounts of carbohydrate and phosphate. The isoelectric point of 


° 


PapiEm was pHi: 3.9 to 4.0. 2 pio band VL CS ciaae a = 1.26 and. to 


a lesser extent at so = 1.30 depending on the plasmid the bacterial 
strain is harboring. F type R pilisbandvat i ee ees HI eine 

In 1974 three options were available to us to achieve a more detail- 
ed chemical analysis of F pili. (1) The methodology and bacterial 
strains in use at that time could be used to stockpile sufficient quan- 
tities of pure F pili. (2) Microtechniques in analysis and protein 
sequencing could be used to characterize the small amounts of F pili 
obtainable with short-term stock-piling. (3) A search for a bacterial 
strain which produced pili in large quantities could be undertaken. 

At about this time, D.E. Bradley (1974b) reported on a highly multi- 
piliated strain of P. aeruginosa K, which he kindly donated to us. 
With this strain, pili could be purified in large quantities to almost 
100% purity. Moreover, the wild type strain, K, produced sufficient 
pili to warrant a comparison of physical and chemical properties be- 
tween the two strains. It was therefore evident that with Pseudomonas 
pili it would be possible to undertake the complete sequencing of the 
pilus subunit with conventional sequencing techniques. Since an ulti- 
mate objective was the comparative analysis of amino acid sequence data 


from a variety of pilus types, the time seemed opportune to begin work- 


ing on P. aeruginosa pili while accumulating preparations of F pili 


for eventual sequencing studies. The remainder of this thesis is 


therefore concerned with the purification and partial characterization 


of pili isolated from P. aeruginosa K. 
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CHAPTER V 
COMPOSITION AND MOLECULAR WEIGHT OF PILIN PURIFIED 


FROM PSEUDOMONAS AERUGINOSA K 


A. INTRODUCTION 

Although the genetic origin of PSA pili is unknown (see Chapter I) 
and there is no evidence that they are involved in conjugational pro- 
cesses, they bear certain similarities to conjugative pili such as the 
F pili of E. coli as discussed in Chapters III and IV. For example, 
they act as receptors for a number of bacteriophages including both 
RNA and DNA-containing bacteriophages and bacteriophages with long non- 
contractile tails (Bradley, 1977a). Since both polar pili and F pili 
apparently mediate phage infection through some type of pilus retrac- 
tion mechanism (Bradley, 1972; Novotny and Fives-Taylor, 1974; Paran- 
chych, 1975), it is of considerable interest to compare the physical 
and biochemical properties of these two pilus types. 

As a first step in this direction, a study of P. aeruginosa K (PAK) 
PSA pili was undertaken. This strain, which promotes infection by at 
least six bacteriophages, was used by Bradley (1977a) to isolate a mu- 
tant which was resistant to these pilus-dependent bacteriophages. This 
mutant (PAK/2PfS) (Bradley, 1974b) was multi-piliated and was apparently 
resistant to bacteriophages by virtue of its inability to retract its 
pili. While the wild-type strain, PAK, was a relatively good producer 
of pili in its own right, the multi-piliated strain, PAK/2Pf£S, probab- 
ly contained at least 10-fold more pili than PAK. 

The present investigation was carried out to establish the struc- 


tural relatedness of PAK and PAK/2Pf£S pili and to determine their 
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biochemical composition. A purification procedure for PAK and PAK/2Pf£S 
pili which attains greater than 99% purity is described here as well as 
a number of observations relating to their physical and chemical pro- 


perties. 


5B. RESULTS AND DISCUSSION 
1. Choice of producer strain 

As shown in the electron micrographs in Figure 16, the wild- 
type P. aeruginosa strain K is itself a reasonably good producer of 
polar pili, while the mutant (PAK/2PfS) is extremely heavily piliated. 
PAK cells apparently do not produce the equivalent of the type 1 pili 
seen on E. coli (Brinton, 1965), although numerous flagella are pro- 
duced. 

2. Pili purification procedure 

PAK or PAK/2PfS bacteria were grown on solid TSB in shallow 
pans (27 cm x 38 cm x 1.25 cm), and were harvested by scraping the sur- 
face of the agar and suspending the cells from 36 trays (160 grams 
wet weight) in 500 ml 15% sucrose in SSC buffer pH 7.0. The cells were 
then stirred with a magnetic stirrer at 5° for a minimum of 24 hours, 
after which they were passed through a sieve to remove the bits of ag- 
ar, and then blended for 2 min in the cold in 200 ml portions at 2000 
rpm with a Sorvall Omnimixer. The cells were removed from the solution 
by centrifugation at 10,000 x g for 15 min, after which the supernatant 
solutions was dialyzed for 72 hours in 2-foot lengths of dialysis tub- 
ing against constantly running tap water at 15° to 17° in a cold room. 
Ammonium sulfate was then added to the dialysate to 50% saturation, 


and the solution was allowed to stand overnight at 5° during which time 
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the protein precipitate floated to the top. Most of the clear portion 
of the solution was removed by syphoning, while the precipitate was 
Perleted by centrifuging for 1 hour at 27,000 x gin a) Sorvall: Centri- 
fuge. The precipitate was dissolved in approximately 200 ml of hel 
buffer and was then clarified by centrifugation at SOO So ror 10 
min. It was important at this stage to insure that no pili were sedi- 
mented along with the cellular debris. If a white opalescent pellet 
formed, the pellet and supernatant solutions were recombined and di- 
luted with 50 ml portions of SSC buffer until only cellular debris was 
pelleted in the low speed centrifugation step. 

To remove flagella, the principal contaminant of the pili pre- 
paration, the supernatant solution containing 1 to 2 Aygo units per ml, 
was brought to approximately 20% saturaticn with ammonium sulfate (10% 
w/v) and kept at 5° for 2 hours. The pili precipitated out, while the 
flagella remained in solution. A 20% saturated solution of ammonium 
sulfate removes pili readily at this stage of the purification proce- 
dure but a 50% saturated solution is required to precipitate pili out 
of the crude culture medium. The reasons for this are not entirely 
clear but may be related to the ae that the pili at this stage are 
usually in large aggregates whereas they are in a more dissociated 
state and less concentrated in the growth medium. Since the ratio of 
PAK/2P£S pili to flagella was much greater than that of PAK pili to 
flagella, PAK/2PfS pili preparations required only one cycle of remov- 
al of flagella, while PAK required two cycles of ammonium sulfate pre- 
cipitation (10% w/v). 

The pili were redissolved in SSC buffer at a concentration of 


approximately 1 mg/ml and 15 ml was placed on a 20 ml discontinuous 
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sucrose gradient consisting of 5 ml portions of 40, 50, 60 and 70% suc- 
rose in SSC buffer, pH 7.0. The gradients were centrifuged for 20 
hours at 5° using a SW 27.1 rotor at 20,090 rpm. The cellulose nitrate 
tube was punctured with a 20 gauge needle just below the SEE band 
of pili material. After removal from the gradient, the pili suspension 
was dialyzed against SSC buffer to remove sucrose and was then rebanded 
in CsCl as described in Materials and Methods. The pili band was again 
retrieved with a syringe, dialyzed against SSC buffer to remove CsCl 
and then stored in a frozen state at -20°. This procedure yields about 
10 mg purified PAK/2Pf£S pili per 100 g (wet weight) of cells and about 
one tenth of this amount of pili using the wild-type strain, PAK. 

When salt-free pili were required for certain chemical studies, 
the pili were pelleted by centrifuging for 1 hour at 27,000 x g and re- 
dissolved in distilled deionized water. After two cycles of centrifu- 
gation, the pili suspension was further dialyzed for 24 hours against 
deionized water and then lyophilized. The dried powder was stored at 
-20°. 

Se CLIteria.OfL purity 

The purity of the pili at various stages of the purification 
procedure was monitored by means of electron microscopy and SDS dvsec 
gel electrophoresis. Figure 17 shows electron micrographs of a PAK/- 
2P£S pili preparation before and after the removal of flagella with 
ammonium sulfate treatment, while Figure 18 shows typical gel patterns 
before and after the removal of flagella and after subjecting the pili 
preparation to CsCl density gradient centrifugation. It is evident 
from Figures 17 and 18 that a high degree of pili purity was achieved 


with the foregoing purification procedure. When polyacrylamide gels 


Tarn ‘ vS } ” roae*t lla ot eB 


ike vanadate vel eae 


a aay hc 
i ' WY, 
7 nm lh 
= f x y wy LOT DN re ; 
Pa) ae Vi oie) “4 & whe ¥, wh : 
- iy te ms shy a 
; UP Se ah ay 
im il ht rag 
» ve ¥ va feo 
r ee) ee hi 
‘ é 
Le {4 /e," 
ag Mey ‘ * 
y j “at ws £ ra 
1 nl siisres ah 
Z * y 
esis AS Ee 
quae 
id Li 
or ae 
7 7 1 va 
See : 5 i 
4 Phiier 
j ; 
ni 
< q dhe 
—<————— 4 Ai 4 
> Ay! 
a Lea i 
i r =: Phd rm 
a ‘, ~~ eer : 
A 
pa) 7 = i (* I fe ae 1h =x i 
ry : ah ¥ 
Li 
4 y : é Aas 
Pibstad an 
. 
c aa Nee bs Had va 
. , a a * } a 
7 + a x 
a * fy 
} ~ 4 ¥ Aid a 
4 m y 4 7 
} pe , , 5 
at A a 
¥ ‘2 i 7 wun v7 r : oh os 
Lae ahs a ae i) 
bes ce a Oe 4 
Saar yh ate Pee gE ie 
ty na 
\ ‘ne ane Baran 
; . , Blak a 1 ‘ 
("1 P ee ca an ae A 
~ polve kaa ro eo we) TOS 
Chiat a A)! i. 
, mun 4 . Sut ge 7 oe : 
\ fy’: Be ee raga Pan 
f ( x i ' f 7 tf 
f i i a ri 7 a A) 7 
Lachey Bh 
- . ' 
e yi 


is. Peedi fa) FSi baw a 


‘ : a if iit = ; 

1 ‘ , ve t 

by peter TE, oun ky al 

vy eA od 

if ‘ Aw cris 
+ af a 

a re) eek wee ee FL 
* Pars; Tor 
q | we i 
* oie re, ; 
LO 


oS at ee, i rahe Pet ef 
ire 4% 


7 ij ' 
ae wy 


y» pa , aay ant 


te 7" 


¥ ‘sn i 


“OOO°TTX *@ ‘00S*ZTX ‘SV 

*UOTIEOTITUSeW «eT TeseTJF ou peuteqUOD (gq) UoTIJeAedead T[Td JueqQ{NSseA syL ‘*UOTINTOS UT eTTeseTj 943 
3J°T pue T{Ttd 9yi peqegrdtoead yoTYA eReF TNS wntuoume (A/M4) ZOT YATA pe zeet] sem eT Tese[jz BuTJeuTWe QUOD 
SUTUTeRUOD (VY) e3eA}UaDU0D TI[Td epnad y °3xeq aa UT USATS ST Vsanpedoad uoTRedTFTAand poeTTe,ep suy 


*sainpsosoid uot JeoTytTand 9y3 BSutanp t{[td S3dZ/MVd JO SydeagoioTW uorzzIeTY “ZT qWunola 


t 


105 


“ONT Gq @PESSeWOOD YIM pouteqjs 
919M pue UTW 06 IOjZ Tes/ew ¢ Je UNA ai2mM 

ST9s SUL “Sds ZT°U *Z°L Hd ‘Saez5nq azeydsoyd 
unTpOSs W GUu°Q SBM Aezjnq Yue pue zszynq [es 
eu, “eanpsdoid Aamo 3yq Aq pezeWwtyse se Bn 
OS - U2 SF Tes Yoee UT utTeqouid jo junowe sy] 
*sqUPUTWeJUOD 2YSTeM AeTNOSeTOW e3zeT wory T{td 
azeiedes 0} ()) UoTJesnNzZTAqUSsD DTUdDAdOST 

TOSO At0zse pue e[[ese[jJ worzy t{[td sjJeaedeas 

0} UoTJeATdToead ejey [Ns wntTuowwe (4/4) 

Z0T (d) 19338 pue (Vy) et0ojyeq sdejs je TT{Td 
S3dZ/AVd JO UoTIeAedeid e woay useye satTdwues 
queseider *Sds Z1°O pue eprweTAroe Y¢o°7Z_ But 
-uTe UO. *‘sjTes eyuy °*3X98} 3yR UL Sapodde sanp 
-3001d UoTJesTITand ay2 Fo jUNODDe peTtejep Vy 


*aainpessolad 

uotzeoTstTand 9y} sguranp tT{td 

S3dZ/AVd JO sTseazoydoirjoe{[e 
Te3 ISTp eptweTArdeATod-sqs ST aNno1a 


ee 


NIVd 


NIT1S9V14 


: 
——_— 
- 7 
Z a & 
= —* 
—_- Be — > ? 
= = -f 
- - 


» 


106 


were overloaded with pilin (30 ug), a second, faint band with a rela- 
tive mobility corresponding to a molecular weight of 32,009 consistent- 
ly appeared above the pilin band. To determine whether this material 
represented a minor protein component of pili or a dimer of ota ap- 
proximately 109 ug was extracted from each of 10 preparative SDS-poly- 
acrylamide gels as described in the preparation of pilin as an antigen. 
(see Chapter II). The eluted protein was treated with 0.05 N acetic 
acid in acetone to remove SDS, then hydrolyzed in 6 N HCl in vacuo and 
subjected to an amino acid compositional analysis using a Durrum D500 
amino acid analyser. The analysis showed that the 32,000 molecular 
weight component had the same amino acid composition as pilin (data not 
shown). It was therefore concluded that the 32,000 molecular weight 
band was a dimer of pilin. 

It is to be noted that the amino acid composition analysis 
yielded nearly integral eae: for the moles of amino acid/mole of pi- 
lin. Moreover, the N-terminal amino acid analysis showed only one 
amino acid residue per mole of protein (see Chapter VI). These obser- 
vations provide an additional indication of the high level of purity 
of the pili preparations. Purified pili solutions (suspended in water) 
were found to have an absorbance at 280 nm of 0.78 ml/meg. Protein es- 
timations were done using the Lowry procedure (Lowry et' aly, £953); 

4, Buoyant density in cesium chloride and sucrose 
To determine the buoyant density of pili in CsCl, gradients 


containing either PAK or PAK/2PfS pili were run as described in Materi- 


als and Methods. The refractive index readings were converted to den- 


sity values at 5°. SSC buffer (1.0 ml) was added to each fraction and 


the absorbance at 280 nm was determined in a Beckman DBG spectrophoto- 
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meter.» Figure 19...showsthat-the density in) CsCl -of pili from both PAK 
ang PAK/2PES strains was 1.295 ate 

The buoyant density of PAK or PAK/2PfS pili in a sucrose gradi- 
ent was determined as described in Materials and Methods. The absor- 
bance at 280 nm was recorded on every other fraction and the resulting 
distribution of absorbance versus density is shown in Figure 20. It 
may be seen that the density in sucrose of both PAK and PAK/2PfS pili 
aces 22 |, 

5. Isoelectric focusing 

Isoelectric focusing of purified pili material was performed 
as described in Materials and Methods. The results of the experiment 
are shown in Figure 21 where it may be seen that the pI of intact PAK 
or-PAK/2P£S pili was found’ to be 3.9. It is to be noted thati problems 
of pili precipitation were encountered if ampholytes of a pH range nar- 
rower than 3-10 were employed. The pI of the pili remained unchanged 
if the polarity of the electrodes was reversed, indicating that preci- 
pitation effects were negligible for the conditions used. 

6. Molecular weight determination of pilin subunits 

The molecular weight of pilin subunits was estimated using SDS 
gel electrophoresis as described by Weber and Osborn (1969). As men- 
tioned above, a small amount of pilin was always found in dimer forn, 
even after prolonged heating with higher concentrations of SDS. A com- 
parison of the relative mobility of pilin with that of a number of pro- 
teins of known molecular weight is shown in Figure 22 . It may be seen 
that a plot of the relative mobilities of the various proteins versus 
the log of the molecular weights yielded a molecular weight value for 


PAK/2P£S pilin of 17,800 + 300. The same molecular weight value was 
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FIGURE 19,20.Isopycnic centrifugation of purified PAK and PAK/2Pfs 
pili in CsCl and sucrose density gradients. 


19 Absorbance at 280 nm of PAK and PAK/2PfS pili in CsCl gradient. 

20 Absorbance at 280 nm of PAK and PAK/2PfS pili in sucrose gradient. 
(@-m), density at 5°. (o-0o), absorbance of PAK pili. (@-@), absor- 
bance or, PAK/2PfS pill. 
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FIGURE 21. Isoelectric focusing of purified PAK/2PfS pili. 


Isoelectric focusing of 1.0 mg of purified PAK/2PfS pili was performed 
using an ampholyte solution pH range 3 - 10 in a 110 ml linear sucrose 
gradient for 40 hours at an average voltage of 400 V. (m-m), pH; 
(o-o), absorbance at 280 nm. 
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FIGURE 22. Determination of the molecular weight of PAK/2Pf£S pilin 
by SDS polyacrylamide gel electrophoresis. 


The molecular weight of the protein standards was taken as stated by 
Weber and Osborn (1969). The relative mobility was calculated by com- 
paring the migration (cm) of the protein to migration (cm) of bromphenol 
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also obtained for PAK pilin (not shown). The molecular weight value 
obtained for PAK pilin is much larger than the molecular weight value 
of 11,400 reported for F pilin (Minkley etvale. L976 ord cod, Pate 
et al., 1978), but agrees well with the value of 18,400 for PAK pilin 
obtained on the basis of amino acid composition data (see Table 6). 
This molecular weight agrees closely with that of pilin from N. gonor- 
rhoeae (18,300, Hermodson et. al., 1978; 18,000 — 195500, Robertson et 
ale, 19/7), pilin from Moraxella nonliquefaciens (17,009, Froholm and 
Sletten, 1977) and type 1 pilin from E. coli (Brinton, 1965), which were 
all determined from amino acid compositional data. 

7. Amino acid composition of PAK pilin 

The procedure used for subjecting PAK pili to acid hydrolysis in vacuo 
is described in Materials and Methods. The amino acid compositional val- 
ues reported are averaged values for 28, 48 and 72 hour hydrolysis peri- 
ods. Serine and threonine were estimated by extrapolating to zero time. 
Tryptophan was estimated by hydrolyzing the pilin sample in p-toluene sul- 
fonic acid and 0.2% 3-(2-aminoethyl) indole (kindly supplied by L.B. Smillie) 
according to the method of Liu and Chang (1971). Spectrophotometric deter- 
mination of tryptophan (Goodwin and Morton, 1946) confirmed the value of two 
tryptophan residues per pilin subunit. Oxidizing the PAK pilin with per- 
formic acid according to the method of Hirs (1967b) gave an estimate of 
cysteine and methionine residues as cysteic acid and methionine sulfone. 
Cleavage with cyanogen bromide (see Chapter VI) gave the number of methionine 
residues as homoserine. The number of methionine residues increased to 3 
when treated with these agents. The amino acid composition of PAK and 
PAK/2Pf£S pilin is given in Table 5. The PAK pilin analyses usually con- 


tained 0.1-0.2 histidine residues which were disregarded. The molecule 
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TABLE 5 


Amino Acid Compositions of PAK and PAK/2PfS Pilin 


Residues per 17,800 daltons 


Amino Acid PAK PAK/ZPES 
Lys 14.7 14.8 
His 0 0 
Arg 3.4 4.0 
Asx 14.9 Lag 
Thr 14.7 1520 
Ser 20,10 929 
Glx La.7 14.9 
Pro 9G O07 
Gly 13.2 LAT! 
Ala 24.1 ZIed 

1/2 Cys N.D. 3.9 
Val oe oe 
Met N.D. peal 
Ile TiS Sea 
Leu 14.4 14.0 
a 5p Lak 
Phe pe Ze 
TED aes 2.0 


The samples were hydrolyzed in vacuo at 110° in 6 N 
HCl containing 0.1% phenol for 24, 48. and 72 h. The 
analyses are normalized to a total of 173 residues. 
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contains a relatively large number of proline residues when compared to 
F pilin which contains none. 

Recently Date et al. (1978) analyzed F pilin and found the amino acid 
composition was similar to that reported by Brinton (1971). Further- 
ees circular dichroism studies suggested that nearly 70% of F pilin 
was helical in structure. This is probably not the case with PAK pilin, 
however, since the latter contains many more proline residues. AS 
shown in Table 6, PAK and type 1 pilin contain a relatively large pro- 
portion of non-polar amino acids, i.e., about 43%, but the proportion 
of Mon-polar ‘amino acids in F pilin is higher still at 53%. This may 
account for our experience that PAK pili are much easier to dissociate 
from each other and from cell debris than F pili. Consequently, PAK 
pili are considerably easier to purify than F pili. This is also ap- 
parently true for type 1 pili (Brinton, 1965) and pili of N. gonorrhoeae 


(Robertson et al., 1977; Hermodson et al., 1978). 


8. Immunological relatedness of PAK and PAK/2PfS pili 


It is evident from the amino acid composition data in Table 5 
that the pilin subunits of PAK and PAK/2PfS pili are probably identical 
or closely related polypeptides. However, the possibility existed that 
PAK and PAK/2PfS pili might be antigenically dissimilar. The immuno- 
logical relatedness of these two types of pili was therefore examined 
by performing microimmunodiffusion analyses on the purified pili and 
the corresponding antisera. The results of the experiment are shown 
in, Fieure- 23. 

It is to be noted that although the antisera were prepared by 


challenging rabbits with pilin preparations suspended in pulverised 


SDS-polyacrylamide gel material (see Materials and Methods), similar 
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TABLE 6 


Polar and Nonpolar Amino Acid Residues 
of Several Types of Pilin 


Per Cent 
N. 2onor= 
PAK F Type 1 rhoeae 
pilint pilin2 pilin3 pilin 
Amino Acid Character (174)> (124)9 (163)° (208)? 
Acidic (Asp, Glu) Le OL 7 20s abs 
Basic (Lys, His, Arg) 11.0 8.0 4.9 25 
Uncharged Polar (Ser, Thr, 
Tyr, Gly, Cys) 2823 290 SH eve 26 
Nonpolar (Ala, Leu, Ile, 
VallePro. vhe, Trp, Met) BSiely Sy ee 43.6 36 


lcalculated from the data shown in Table 5. 

2Calculated from data reported by Brinton (1971). 
3calculated from data reported by Brinton (1965). 
4calculated from data reported by Robertson et al. (1977). 


STotal amino acid residues per pilin subunit. 
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precipitation bands were formed with either intact or highly denatured 
Pllain. Moreover, Wherspeciticity of the antiserum towards. PAK/2PfS 
pili is shown by the absence of any reaction with purified F-type pili 
(Figure 23A). Figure 23B shows reactions of identity between apie 
antiserum and purified PAK and PAK/2PfS pilin. Similar results were 
obtained when anti-PAK/2PfS antiserum was used (Figure 23C). It was 
concluded that PAK and PAK/2PfS pili are antigenically similar and that 
the multi-piliated state of the PAK/2PfS strain is due to the overpro- 
duction of PAK polar pili rather than the formation of a new type of 
surface structure. 

9. Phosphate analysis 

Since Brinton (1971) has reported that F pili contain two phos- 
phate residues and one residue of D-glucose covalently linked to each 
pilin subunit, phosphate and sugar analyses were performed on PAK and 
PAK /2PES pilin: 

To assay for total inorganic phosphate, separate 1 - 2 mg sam- 
ples of pure pili were hydrolyzed in acid and base as described in Mat- 
erials and Methods, neutralized and subjected to the Fiske and Subba- 
Row (1925) method of phosphate estimation. Similar samples were ashed 
in sulfuric and perchloric acid and assayed for phosphorus using the 
microdetermination method of Chen et al. (1956). No phosphorus was 
found under any of these conditions where one molecule of phosphate 
per pilin subunit would have been detectable according to the sensiti- 
vities of the methods employed. 

Similarly, no phosphate was detected in association with pilin 
bands in SDS-polyacrylamide gels. Pure pilin was subjected to SDS- 


polyacrylamide gel electrophoresis as previously described, then stain- 
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ed for phosphoprotein using methyl green as reported by Cutting and 
Roth (1973). Since this method is capable of detecting one nmole of 
phosphate, 20 ug of pilin would be expected to produce a positive 
stained band if pilin monomers contained 1 mole phosphate/mole protein. 
Although 50 ug of pilin were subjected to this procedure, no positive 
reaction for phosphate could be identified. It was concluded from the 
foregoing observations that PAK and PAK/2Pf£S pilin does not contain co- 
valently bound phosphate residues. 

10. Carbohydrate analysis 

Separate 1 mg samples of purified pili were hydrolyzed in acid 
and in base as described in Materials and Methods, neutralized and 
dried at 110°. The residues were dissolved in 0.1 ml 50% ethanol and 
subjected to paper chromatography as described in Materials and Methods. 
A ratio of 1 glucose equivalent of carbohydrate/molecule of pilin 
should yield approximately 10 ug carbohydrate/mg pilin. This amount 
would easily be detected using the AgNO .—Na0H or the anisaldehyde-H,S0, 
spray systems employed on the chromatograms. No carbohydrate was de- 
tected in PAK or PAK/2PfS pili after acid or alkaline hydrolysis at 
protein concentrations which would have allowed the detection of one 
glucose residue per 10 pilin molecules. 

Purified pili were also tested for carbohydrate using anthrone 
reagent (Ashwell, 1957), orcinol reagent (Ashwell, 1957) and the phenol- 
sulfuric acid assay for glycoproteins (Hirs, 1967). No carbohydrate 
was detected with any of these procedures at protein concentrations 


which would have given positive results at a level of one glucose equi- 


valent per two molecules of pilin. 


Finally, 50 ug amounts of purified pilin were subjected to SDS- 
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polyacrylamide gel electrophoresis and then stained by the periodic 
acid-Schiff (PAS) reaction (Clark, 1964) for glycoprotein. No 
positively staining bands containing carbohydrate material were detect- 
ed in the gels. 

It was concluded from the foregoing studies that PAK and PAK/- 
2P£S pili do not contain carbohydrate residues. 

i. Lipidvanabysis 

The possible existence of lipid material in PAK or PAK/2PfS pi- 
li was tested by staining SNS-polyacrylamide gels of purified pili (50 
ug) with saturated oil red-O in 60% ethanol for 18 - 24 hours (Abodeely 
et al., 1971). The gels were destained in 50% ethanol and rehydrated. 
Both PAK and PAK/2Pf£S pili were found to be negative with respect to 
the oil red-O staining process, indicating that the P. aeruginosa pili 
are probably lipid-free. 

The use of these specific stains for phosphoproteins, glyco- 
proteins and lipoproteins was checked by using appropriate standards. 
The phosphoprotein a-casein was stained positively using the methyl 
green stain while albumin are a white precipitate. Rabbit serum (1 
ul) was used as a source of glycoproteins and lipoproteins and gave 
red bands in both instances. Albumin on the other hand failed to re- 
act with either stain. 

Recently Robertson et al. (1977) have detected phosphate and 
glucose in pili of N. gonorrhoeae and Date et al. (1978) have found 
phosphate and carbohydrate in F pili of E. coli. Thus, type 1 pili 


are the only other pili analyzed to the author's knowledge that are 


free of carbohydrate and phosphate. 
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Cond: CLons- Lor dissociating PAK pir eo pairin 


A search for.conditions which caused PAK pili to dissociate to 
the monomer, pilin, without resorting to SDS, gave evidence that PAK 
pareeare Similar to; F spilt of BE. coli in their resistance “to Aveaccaaae 
mug conditions  (romoedatet als, 1975; Date-et al.,°1978)- “Conditions 
which caused the dissociation of flagella to flagellin (DePamphilis and 
Adler, 1971) gave varying results for PAK pili. Heating a suspension 
of pili (0.5 mg) at 55° for 10 min to 1 hour gave no discernible dis- 
sociation as determined by electron microscopy. Treating similar sus- 
pensions of pili with 0.05 N HCl or 0.05 N NaOH resulted in the produc- 
tion of small discs which were easily discernible in the electron micro- 
scope. Pili solutions’ adjusted to pH 1, 3,°5,°9, Tl ‘and 13 showed a 
gradual dissociation from pili to these discs with the pili remaining 
intact at pH 5 - 9, partially dissociated at pH 3 and 11 and fully dis- 
sociated at pH 1 and 13. Tomoeda et al. (1975) reported that F pili, 
when treated with 0.05 N HCl, dissociated into filaments of 1/2 dia- 
meter of intact F pili. Recently, Date et al. (1978) reported that F 
pili are dissociated into vesicles by acid but are unaffected by equi- 
valent concentrations of base. 

PAK pili were not dissociated in 8 M urea or 6 M guanidine-HCl. 
However, 10 M urea and heat at 60° for 1 h produced shortened pili with 
many small discs when checked by electron microscopy. Samples run in a 
Spinco Model E analytical ultracentrifuge equipped with UV optics showed 
that treatment with 0.1% SDS produced one component with a sedimentation 
coefficient of 3 - 4 S. Treatment with 10 M urea or 6 M guanidine-HCl 
resulted in a small amount of 3 - 4 S material with a larger amount of 


material of higher $ value. Treatment with acid or base gave 6 S mat- 
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erial in one distinct species. Intact pili had a sedimentation value 
of 23 S although the band was fairly diffuse. 

These results were similar to those of Date Oi 2) 697.8) who 
found that F pili lost phage-attachment capability when exposed to heat 
and were depolymerized by 0.1% SDS and 30 mM Sarkosyl and exposure to 
Beda tend li Oi 

Since PAK pili also require SDS to affect complete depolymeri- 
zation while remaining intact in the presence of denaturing agents such 
as guanidine-HCl or urea, it seems likely that hydrophobic bonds are 
important in subunit interactions which stabilize the filamentous struc- 
ture of pili. This is not surprising considering the hydrophobic nature 
of pili themselves regarding amino acid composition and behavior in 


aqueous solutions. 


C. CONCLUSION 


This chapter describes the purification procedure developed for PAK 
and PAK/2Pf£S pili. The method involves growing the bacteria on a solid 
medium in large pans, suspending the cells in SSC buffer containing 15% 
(w/v) sucrose and blending the cells to shear off the pili. After the 
cells are removed by centrifugation and the sucrose dialyzed away, the 
pili are subjected to one or two cycles of (NH, ) 50, precipitation fol- 
lowed by centrifugation in sucrose and CsCl density gradients. This 
procedure yields about 10 mg of pure pili per 100 g (wet weight) of 
PAK/2P£S cells while PAK cells yield one tenth of this amount. 

As far as can be determined, PAK and PAK/2PfS pili contain a single 
polypeptide subunit of molecular weight 17,800 by SDS polyacrylamide 


gel electrophoresis, and appear to be free from moieties such as phos- 
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phate, carbohydrate and lipid. Isopycnic centrifugation studies reveal- 
ed that PAK and PAK/2PfS pili have the same buoyant density in sucrose 
Chee. cnn) and ’CsCi/ iG), 295 Eyer) density gradients. Both types of 
pili have an isoelectric pH of 3.9 as determined by isoelectric focus- 
ing. Of particular interest were the findings that the amino acid com- 
positions of PAK and PAK/2PfS are the same and that the two types of 
pili appear to be serologically identical. 

On the basis of the foregoing, it was concluded that there are no 
chemical or physical differences between PAK and PAK/2Pf£S pili. The 
mutation responsible for producing the multi-piliated state in PAK/2Pf£S 
is probably located in a gene other than the structural gene for PAK 
pilin 

One possible explanation for this multi-piliation could be that the 
mutation affects the gene product that controls retraction. Thus the 
equilibrium that has been hypothesized to exist between pilus elonga- 
tion and retraction (Fives-Taylor and Novotny, 1974) could be disturbed 


in favor of elongation since the mutation causes the loss of the re- 


traction mechanism. 


CHAPTER VI 


PARTIAL CHEMICAL CHARACTERIZATION OF PAK/2P£S PILIN 


A. INTRODUCTION 

This chapter concerns the identification of the N-terminal residue, 
an unusual amino acid, N-methylphenylalanine, and the sequencing of the 
first twenty-two amino acids at the N-terminal of PAK/2Pf£S pilin by se- 
quential Edman degradation. In addition, the first two amino acids at 
the C-terminal were identified by digestion with carboxypeptidase A. 
The protein was cleaved by cyanogen bromide into at least three fragments 
which were separated by column chromatography. 

Only PAK/2Pf£S pili have been used in these studies since insuffi- 


cient quantities of PAK pili material were available. 


B. RESULTS AND DISCUSSEON 

1. Automated N-terminal sequence analysis 

Automated Edman degradations were performed on 

tein with a Beckman Model 890B Sequencer, utilizing either the standard 
1 M Quadrol buffer system of Edman and Begg (1967) or the 0.1 M Quadrol 
system of Brauer et al. (1975). All reagents used were “Sequanal" 
grade (Pierce Chemical Co.) and all solvents were Mdistilled in elass” 
grade (Burdick and Jackson Laboratories Inc., Muskegon, Michigan). 
Residues were identified by a combination of three methods. Portions 
of the sequencer products, the anilinothiazolinone derivatives, were 
converted to the corresponding phenylthiohydantoin (PTH) by exposure 
to 1M HCl at 80°C for 10 min (Edman and Begg, 1967) to permit identi- 


fication by gas-liquid chromatography on a 1.2 mx 2 mm colum of 10% 
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SP-400 on 100/120 Supelcoport (Supelco, Inc., Bellefonte, PA.) using a 
Beckman GC-45 gas chromatograph (Pisano and Bronzert, 1969). Thin lay- 
er chromatography of these PTH derivatives on Silica gel plates (F254, 
Perck and Co., Inc., Rathaway, N.Y.) utilizing the solvent systems 
chloroform:ethanol, 98:2 (v/v) and chloroform:ethanol:methanol, 88.2: 
1.8:10 (v/v) was also employed (Bridgen ecival.. (19/5) au inpadditions 
amino acid analysis by a Durrum D-500 analyzer following hydrolysis of 
the thiazolinone derivatives with Hl ("Ultrapure" grade, Alfa Chemicals 
Ltd., Montreal, Quebec) at 127° for 20 h was used (Smithies et al., 
aol). 

The first twenty-two amino acid residues were quantitated (nmol) and 
identified as: 


NH, -X-Thr-Leu-Ileu-Glu-Leu-Met-Ileu-Val-Val-Ala-Ileu- 
iS ed 25189 (S291 74 eeLis6. (682: 65a °95 61 


-Ileu-Gly-Ile-Leu—-Ala-Ala-Ileu-Ala-Ileu-—Pro....COOH 
Ae 767 246-54. 154: 155 — 42) 66 25. 245 


Further sequencing determination at the N-terminal gave poor resolu- 
tion of the residues since the protein was slightly soluble in the 
organic solvents used leading to a critical loss of material. 

The N-terminal amino acid residue, and the phenyl- 

thiohydantoin derivatives (PTH-X), could not be identified by using 
standard PTH-amino acid derivatives either by gas-liquid chromatography 
or thin layer chromatography. Attempts to regenerate and detect by am- 


ino acid analysis the amino acid, X, either by acidic hydrolysis (5.7 M 
HCl at 110° for 24 h or 57% HI at 127° for 20 h) or alkaline hydrolysis 
(0.2 M NaOH/0.1 M Na,S,0, at 127° for 4 h) failed. 


2. Identification of the N-terminal residue 
ES hs ee Wels oe 6 OR a SR tie AR des 


To obtain sufficient PTH-X for identification using spectroscopic 
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techniques (0.2 mg), a combined total of 35 mg (2 umol) of pilin were 
subjected to one Edman degradative cycle. 

Preliminary proton magnetic spectra (PMR) of PTH-X and several 
PTH-amino acids (PTH-phenylalanine, PTH-leucine) and the mass Petra 
(MS) of PTH-X indicated that PTH-X was probably PTH-N-me thylphenylala- 
nine (results not shown). 

N-methylphenylalanine was synthesized by methylation of terti- 
ary butyloxycarbonyl-phenylalanine dicyclohexylamine salt with methyl 
iodide in tetrahydrofuran in the presence of sodium hydride for 24 h at 
21° (McDermott and Benoiton, 1973), with subsequent removal of the car- 
boxyl- and amino-protecting groups by treatment with aqueous citric 
acid pH 3.0 and 50% (v/v) trifluoroacetic acid/dichloromethane respec- 
tively. Reaction of N-methylphenylalanine (90 mg) with 5% (v/v) phenyl- 
isothiocyanate in pyridine (2.4 ml) at 55° for 1 h gave the phenylthio- 
carbamyl derivative, which after drying in vacuo was converted to the 
PTH derivative by reaction with 1 N HCl (1 ml) at 80° for 10 min, the 
crude product being obtained by extraction with ethyl acetate (3 x 
1 ml). Recrystallization from diethyl ether afforded colorless crys- 
tats a(n. 1413%):. 

Since the synthesized PTH-N-methylphenylalanine co-eluted as a 
single peak on a gas liquid chromatograph with PTH-X (Figure 24) and 
co-chromatographed as a single spot on silica gel thin layer chromato- 
grams (E. Merck, precoated) using two solvent systems: R, 0.94 with 
1,2-ethanedichloride:acetic acid, 30:7 (v/v) (Edman, 1970) and Re 0233 
with chloroform:ethanol, 98:2 (v/v) (Bridgen et al., 1975), MS, PMR and 


ultraviolet absorption spectroscopy were performed to compare the two 


compounds further. The MS of the synthetic PTH-N-methylphenylalanine 
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FIGURE 24. Gas liquid chromatogram of PTH-N-methylphenylalanine from 
PAK pilin. 


GLC of (A) PTH-X; 2% of the product from the first Edman degradation 
of 5 mg (280 nmol) pilin and (B) PTH-N-methylphenylalanine together 
with a number of standard PTH-amino acids (5 nmol of each). Separa- 
tions were made on a Beckman GC-45 gas chromatograph fitted with a 
1.2 m x 2 mm i.d. column of 10% SP-400 on 100 - 120 mesh Supelcoport 
(Supelco Inc.) using helium carrier gas at 40 ml min7l, 
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FIGURE 25. MS of PTH-X and PTH-N-methylphenylalanine. 


Both spectra were obtained on 10 ug or less of sample by direct probe, 
70 eV electron impact ionization at an initial ion source temperature 
of 150°, using an AEI MS50 high resolution mass spectrometer in con- 
junction with a DS50 computer. 
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FIGURE 26. PMR spectra of PTH-X and PTH-N-methylphenylalanine. 


Both samples, 0.2 and 1.0 mg respectively, were washed with 99.8% D920 
and dried in vacuo (2X) before being dissolved in 0.4 ml CD2Cl2 - do. 
The spectra were recorded with a Bruker HX270 super-conducting NMR 
spectrometer at 270 MHz and ambient temperature. Comparative peaks 
were adjusted to similar height. Chemical shifts are reported in ppm 
downfield from tetramethylsilane. 
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and PTH-X is shown in Figure 25. A molecular ion of m/e = 296 and 
major fragments of m/e = 205, 91 and 77 are evident in both spectra. 
The fragmentation pattern can be correlated to the structure of N-methyl- 


phenylalanine as shown in the following diagram: 


| | : | : 
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phenylalanine PTH-N-methylphenylalanine 


Similarly, Figure 26 provides a comparison of the compounds’ PMR spec- 
tra. The peaks downfield from 6.7 to 7.4 ppm represent the two phenyl 
rings in the PTH-derivatives and are typical of all the PTH-amino acids 
used in this study. The peak at 4.45 ppm is due to the a-carbon pro- 
ton while the peak at 3.33 ppm is due to the §-carbon protons. The 
singlet at 3.42 ppm is indicative of the N-methyl protons since C-meth- 
yl protons usually peak upfield from this value. The ratio of protons 
in the peaks reading from downfield to upfield, as determined by plani- 
metry of the 10X expanded peaks, was 5:3:2:1:3:2. 

Ultraviolet absorption spectra of the compounds showed that 
both have a high E545/€ 269 ratio of 0.64 compared with values around 
0.4 for PTH derivatives of other amino acids (Figure 27), with the ex- 


ceptions of 0.72 for PTH-N©-phenylthiocarbamyl-lysine and 0.67 gt ote? T= 


proline (Edman, 1970). In addition the Engg molar absorption coefficient 
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for the synthetic compound is lower at 13,500 than the usual value of 
around 16,000 for these amino acid derivatives (Edman, 1970). 

N-methylphenylalanine is difficult to detect under the usual 
conditions employed in amino acid analysis. However using iastetnaa 
of Coggins and Benoiton (1970) in which a halved buffer and ninhydrin 
flow through the reaction coil, resulting in a doubled reaction time 
with ninhydrin, 1 molecule of N-methylphenylalanine was detected for 
every 12.6 molecules of isoleucine which is close to the predicted val- 
ue of 1/14 (see Chapter V). 

Prior to sequencing the first twenty-two amino acids at the N- 
terminus using the automated sequenator, attempts to identify the N- 
terminal amino acid using the dansyl chloride procedure of Gray (1972) 
failed. While O-DNS-tyrosine and e-DNS-lysine could be visualized af- 
ter thin layer chromatography of the hydrolyzed, dansylated protein, 
indicating the reaction had occurred, no spot corresponding to a pos- 
sible dansylated N-terminus residue could be found. On hindsight, this 
result is not surprising since DNS-N-methylphenylalanine is probably 
destroyed during acid hydrolysis in much the same way that N-methylphe- 


nylalanine cannot be regenerated from the PTH-derivative under acidic 


or basic conditions. 
3. C-terminal analysis 
Carboxypeptidase A treated with DFP (diisopropylfluorophosphate) 
(CPA) was obtained from Worthington Biochemicals and prepared as de- 
scribed by Ambler (1967). A 25 ul suspension (1.25 mg protein) was di- 
luted with 1.0 ml water in a 3-ml conical centrifuge tube and centri- 


fuged for 5 min at 2000 x g. The supernatant was discarded and the pel- 


let was suspended in 0.1 ml 1% (w/v) sodium bicarbonate and chilled in 
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FIGURE 27. UV absorption spectrum of PTH-phenylalanine and PTH-N- 
methylphenylalanine. 


The spectrum of PTH-phenylalanine and PTH-N-methylphenylalanine dis- 
solved in absolute ethanol was recorded between wavelengths 240 - 


300 nm using a Cary 15 recording spectrophotometer. 
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an ice bath. Sodium hydroxide (0.1 N) was added with thorough mixing 

to dissolve the protein. The pH was adjusted to 8.5 with 0.1 N HCl and 
the volume was adjusted to 1.25 ml (1 mg protein/ml) with 0.2 M N-ethyl- 
morpholine acetate pH 8.5. The enzyme preparation was used immediately. 
Salt-free PAK/2PfS pili was dissolved in 1.0 ml 0.2 M N-ethylmorpholine, 
pH 8.5 and 0.1% SDS. The solution was heated to 100° for 5 min and was 
cooled to room temperature. CPA (2.5 nmol or 80 wl of prepared enzyme 
solution) was added to give a substrate to enzyme ratio of 40, and the 
mixture was incubated at room temperature. Appropriate enzyme controls 
were done simultaneously. At various time intervals (0.25, 0.5, 1.0, 
2.0 and 4.0 h) 0.2 ml of sample were acidified to pH 2.0 with acetic 
acid and clarified by low speed centrifugation. The supernatant was 
lyophilized and analyzed for amino acid content on a Durrum D500 acid 
analyzer. The results are shown in Figure 28. 

From the relative rates of amino acids released it can be seen 
that serine is probably the C-terminus and lysine is the penultimate 
amino acid. Since the initial rates of release for both amino acid 
are nearly the same, the order of these amino acids could be reversed 
or there may be two populations of pilin molecule with either serine or 
lysine at the C-terminal. Adjusting the substrate to enzyme ratio to 10 
or 200 or carrying out the reaction at 37° gave identical results. Pro- 
longed exposure of pilin to CPA (16 h) failed to yield an antipenultimate 


amino acid indicating the presence of a non-reactive amino acid. 
4. Cleavage with cyanogen bromide 
Purified PAK/2P£S pilin was cleaved into as many as 4 peptides 
by cyanogen bromide according to the method of Steers et al. (1965). 
50 mg of dry PAK/2PfS pili (64 Ang units) were dissolved in 14 ml of 


0 
100% formic acid which was diluted to 70% by the addition of 6 mlof water. 
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EQUIVALENTS OF AMINO ACIDS RELEASED 
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FIGURE 28. Treatment of PAK pilin with carboxypeptidase A, 


The substrate/enzyme ratio was 40. The reaction took place at room 


temperature in the presence of 0.1% SDS at pH 8.5. 
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Crystalline cyanogen bromide (Eastman Organic Chemicals) was added to 
give methionine:CNBr ratio of 1:390 based on three methionine residues/ 
pilin molecule. The flask was tightly stoppered and the reaction was 
allowed to proceed at room temperature for 24 hours. The reer eter was 
stopped by diluting the reaction mixture to 10% formic acid with water 
and the solution was shell frozen and lyophilized to complete dryness. 
Triplicate samples containing 0.5 mg of cleaved protein each were hyd- 
rolyzed for amino acid analysis. Prior to analysis, the homoserine 
lactone residues were converted to homoserine by incubating the previ- 
ously hydrolyzed samples in sealed tubes in 0.5 ml of pyridine acetate 
buffer, pH 6.5, at 195° for one hour. The samples were dried by lyo- 
philization and analyzed for amino acids using a Durrum D590 amino acid 
analyzer programmed to detect homoserine. While no methionine could be 
detected, 2.9 homoserine residues were present per pilin molecule, in- 
dicating the reaction was close to completion. A 25 ug sample of the 
reaction products was run on a 12.5% polyacrylamide gel (0.1% SDS). A 
second gel contained 25 ug of unreacted PAK pilin. The gels are shown 
in Fig. 29, where it may be seen that the CNBr reaction produced one 
principal fragment of molecular weight 12,000 daltons, and smaller a- 
mounts of material at 13,000, 14,000 and 16,000 daltons. These smaller 
bands represent incompletely cleaved intermediates in the CNBr reaction. 
The smaller peptides produced by this reaction were not detectable on 
the gel. 

The CNBr fragments were separated by gel filtration using a 
Sephadex G-50 superfine (Pharmacia, Sweden) column. A portion of react- 
ed material (30 mg) was dissolved in a minimum volume of 50% formic acid 


and was diluted to 5% formic acid to give a total volume of 20 ml. The 
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FIGURE 29. Separation of CNBr fragments of PAK pilin by gel 
fiitratron. 


35 mg of PAK pilin treated with cyanogen bromide at a ratio of 300:1 
was dissolved in 20 ml 5% formic acid and run on a Sephadex G-50 super- 
fine column (2.5 cm x 100:cm) at 20°. -Theseluant was 52 formic acid, 
the flow rate 25 ml/h and the void volume was 60 ml. Each of the re- 
sultant 5 ml fractions was assayed for absorbance at 280 nm (@-m) and 
ninhydrin positive material ©-O. A gel of 25 ug of material 
before (B) and after (A) treatment with cyanogen bromide is shown in 
the inset. 
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sample was applied directly to a 2.5 x 100 cm column of Sephadex G—50 
superfine equilibrated with 5% formic acid which was also used to elute 


the CNBr fragments from the column. The flow rate was 25 ml/h. The 


absorbance at 280 nm was measured using a Beckman DBG spectrophotometer. 


The small peptides were barely identifiable by absorbance at 280 nm be- 
cause of a probable lack of aromatic amino acids in them and the sam-— 
ples were assayed for protein using the ninhydrin colorimetric assay 
(Hirs, 1967c). The results are shown in Figure 29, where it may be 
seen that the CNBr reaction products separated into three peaks. The 
fractions in each of the three peaks were pooled and lyophilized to 
dryness: 0.5 mg of peaks I and II and 0.2 mg of peak III were hydro- 
lyzed for analysis using the Durrum D500 amino acid analyzer. The re- 
sults are shown in Table 7 and are calculated on the basis of a common 
denominator for each of the values for the amino acids found in each 
sample. No determination for tryptophan or cysteine was done at this 
time. The total for any amino acid from peaks I, II and III approxi- 
mates very closely the previously determined number/pilin molecule, in- 
dicating that cyanogen bromide cleaves the pilin molecule into at least 
three fragments. Because the sample size was very small due to the in- 
solubitiy of freeze-dried fractions of peak II and III, these results 
are to be considered as very preliminary. 

Inspection of the sequence at the N-terminus indicates that a 
peptide containing 7 amino acids should result from cyanogen bromide 
cleavage, namely N-methyl1-Phe-Thr-Leu-Ile-Glu-Leu-Met (as homoser- 
ine). N-methylphenylalanine, when special conditions for its detection 


were employed (Coggins and Benoiton, 1970), was barely detectable in 


peak III indicating that a mixture of two small peptides probably existed, 
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TABLE 7 


Amino Acid Analysis of CNBr Fragments of PAK/2PfS Pilin 


Peak Peak Peak N-.. C- 
Amino Pilin I te III termi- termi- 
Acid (18,620) (11,900) (4000) (1900) nusl nus2 
ee ae eee 
Asp ae) 9-10 4 2 0 2 
Thr iS S) 4 1 u 0 
Ser 10 8 Z 1 0 1 
Glx a) ima 3-4 2-3 1 1-2 
Pro 10 6-7 ied. Ths 0 ? 
Gly 18 10-12 6 3 0 3 
Ala 24 to 4—5 2 0 2 
Val 9 9 0 0 0 0 
Tle 1s 7-8 2-3 1 i 0 
Leu 14 9-10 2-3 I-15 2 0 
Tyr 3 3 0 9 0 0 
Phe 3 1 i 0 0 0 
Lys 15 8 6-7 js 0 a 
Arg 4 3 a 0) 0 0 
N-MePhe i 0 Tels rg 1 0 
HS (Met) 3 iL T0 ? au 0 
Trp v2 re fie Gs Neds 0 0 
Cys 4 n.d n.d. Ts 0 0 


tthe N-terminus amino acid composition is deduced from the sequence 
of the first seven amino acid residues (H2N-N-MePhe-Thr-Leu-Ile-Glu- 
Leu-Met-—). 

2The C-terminus amino acid composition is tentatively determined by 
subtracting the amino acid residues for the N-terminus from the amino 
acid residues found in peak III. 


3Not determined (n.d.). 
+, identified but not quantitated. 
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one corresponding to the N-terminal peptide above and one containing 2 
Asp, 1 Ser, 1 Glu, 3 Gly, 2 Ala and 1 Lys. The absence of methionine 
(homoserine) and the presence of lysine and serine, the amino acids de- 
tected at the C-terminus, indicates that this could be the C-terminal 
peptide. The amounts of homoserine detected in peaks II and III were 


difficult to determine because of the small sample size. 


C. CONCLUSION 

Preliminary chemcial analyses on PAK pilin have established the se- 
quence of the first twenty-two amino acids at the amino terminus as well 
as the identity of the N-terminal amino acid, N-methylphenylalanine. 
This sequence was very similar to the sequence at the N-terminus of pi- 
lin derived from Moraxella nonliquefaciens (Froholm and Sletten, 1977) 
and Neiserria gonorrhoeae (Hermodson et al., 1978). As shown in Figure 
30, all three amino terminal sequences are highly homologous. The only 
differences are Val-Ile exchanges at positions 10, 13 and 19, and an 
Ile -Leu exchange in position 21. While Fréholm and Sletten (1977) did 
not identify the N-terminal residue, their evidence suggests that it is 
N-methylphenylalanine. In the case of M. nonliquefaciens and P. aeru- 
ginosa K pilin, a single N-terminal residue was found while 50% of N. 
gonorrhoeae pilin subunits lacked the N-methylphenylalanine amino ter- 
minal residue. 

N-methylphenylalanine has not yet been detected in non-pilus pro- 
teins although it has been shown to be a constituent of the peptide an- 
avesses Staphlomycin S (Vanderhaeghe and Parmentier, 1960). Pettigrew 
and Smith (1977) have reported finding dimethylproline at the amino 


terminus of Crithidia oncopelti cytochrome C557, while Chen et al. 
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(1977) have shown that certain ribosomal proteins of E. coli contain 
N-monomethylalanine or N-monomethylmethionine as amino terminal 
residues. The biological significance of a-methylated N-terminal amino 
acid residues is not clear at this time. The N-methylphenylalanine in 
PAK pilin does not act as a blocking group to sequence analysis since 
the Edman degradation in subsequent cycles proceeded normally with no 
obvious drop in efficiency between the first and second cycles. The 
other common secondary amino in sequence work, proline, does not inter- 
fere with the process. 

The occurrence of a highly hydrophobic, common sequence at the ami- 
no terminus of pilin provided by three relatively unrelated microorgan- 
isms suggests this common sequence may be important to pilus function. 
These hydrophobic amino terminal sequences are reminiscent of the hydro- 
phobic extensions found on precursors of secretory proteins in mammal- 
ian cells (Devillers-Thiery et al., 1975). According to the signal 
hypothesis of Blobel and Dobberstein (1975) this hydrophobic extension 
facilitated transfer of the protein through the membrane in the process 
of which, it was cleaved off the protein. Thus the hydrophobic amino 
terminal portion of the pilin molecule may provide a pilot function 


which facilitates the transport of pilin subunits from the cell inter- 


ior to the outer membrane. Once the pilin subunits are assembled into 


pili, the highly hydrophobic amino terminal sequence would presumably 


be buried within the subunit or involved in subunit-subunit interac- 


tions; 
“Evidence already exists that pilin pools are located in the outer 


membrane of bactéria. Beard and Connally” (1974) have detected ¥-rype 


R pilin molecules in the outer membrane of F. coli and suggested that 


144 


E3n0a tise ci i; 9 . ‘ 


ve 


Mes x: | Hern “a j 


eee ba ee eas anonive ‘xpos re 


pin 
Be wae hoe beat apse at onkns coi 
eh \ ° 


me sanasiie MMOD : anita etsie = nite AO. Se 
ie wo | 
er et ee ee sina yinekagd 4? " ake a alates wh ai 
1 a) 
wel) gran a o ala lil all Tim abit aid ied 
a at ee ce WF 


; — , 
Thm J tonion deh vii nent Lavan poi olga 


S. rd a Wao a at 


ee ee rey ens Hag, erty ada ae. rRenuost * hewn 10d! 6 | 
tin ‘i a eg be diaedel acica . ERS ‘aie ca eee 
hey. Bhd Ee ss eager was WEN Ey ied 
awencre Rafe at iipersbggee wres Peay) HiesaTy ons, 46) 7 
on kane ad nating wits want hed og ade node enw = 
mit ios dala A arial, ores Nera atehd aii 46 pesread @ 
aiaans ¥eq? ons aie joie eile to ove eee vases 7 


yal cafe we Aen 83h pds’ sont cvenrtnc, Sian of 
vi inwlenity sei emp pewter: iaiteme ad ticle ciaicadt 
sn neat Berea hat) hese sei “0 + imi a | 


ae pt 


Meld at s* ih eagnihh 
wii 4 tna nA APL ee iree® mtatoad 
Bait ss erehiss ofan siak gh Miprocee - maaue meer 


= Lf 


Te 
oa & a) 


AEs yes silat Poh genes: . 


ae re 


145 


this is the site for pilus assembly. Recently Olsen et al. (1977) have 
speculated on the presence of pilin molecules in the outer membrane of 
P, aeruginosa which act as receptor sites for PRD-1 phage particles. 

Although it is tempting to suggest that a hydrophobic amino termi- 
nus is a universal feature of pilus systems, the amino terminal se- 
quence of type 1 pilin of E. coli (Hermodson et (al. 5519/5), bears no no= 
mology to the three sequences previously discussed nor does it contain 
N-methylphenylalanine. 

Thus the structure-function relationships of pili are probably far 
more complicated than a system such as flagella whose structure and 
chemistry is fairly constant throughout the microbial world (Iino, 
1968). The study of the chemistry of a number of different types of 
pili may help to elucidate the mechanism of various pilus functions. 

This investigation has shown that the PAK pilus is an interesting 
system in its own right and ought not to take a second place to a bet- 
ter defined system such as the F pilus of E. coli. The finding that 
PAK pilin is similar in amino acid composition and N-terminal sequence 
to a pilin isolated from a pathological strain (N. gonorrhoeae) is very 
interesting. The gonococcal Hate contributes to the pathogenicity of 
this strain by being involved in the adhesionof the bacterial cell to mam- 
malian cells (Punsalung and Sawyer, 1973). While the sequencing of PAK 
pilin is in progress at this time, information is needed concerning the 
genetic origin of PAK pili, its involvement, if any, in adhesion to 
mammalian cells or in bacterial conjugation, and the mechanism of pilus 
assembly both in vitro and in vivo. Since PAK pili are both abundant 
and easily purified and techniques for handling Pseudomonas aeruginosa 


are almost as advanced as those for E. coli, progress in this area 


should be forthcoming. 
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APPENDIX B 


Table for the Conversion of Refractive Index Ge ) 
to Density in Sucrose, SSC, ph 7.0 (oo) 
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